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ABSTRACT 
 
The increase in dominance of woody species, observed in many grasslands and savannas 
worldwide, highlights the sensitivity of woody herbaceous biomass ratios to changed 
environmental conditions. While the major factors driving the tree–grass continuum have 
been identified as precipitation, nutrients, increased CO2 concentrations, fire and herbivory, 
the interaction of these driving forces determines the tree:grass ratio, and ultimately the 
occurrence/ absence of woody plant encroachment. Furthermore, with forecasted alterations 
to the global climate (such as an increase in the frequency and magnitude of climate 
extremes), and increased nutrient availability (either through extensive use of fertilizer or 
increased nitrogen deposition), more knowledge is required on the factors which promote 
woody plant performance.  
 
We conducted a series of greenhouse experiments to manipulate these factors, and a 
two-year field trial to disentangle the effects of varying climate and land use on woody plant 
encroachment. These studies are summarized below:  
 
(1) We investigated the effects of manipulated water availability and passive warming 
on the productivity of the commonly occurring grass species Eragrostis curvula, and the 
emergence and performance of seedlings of the woody encroacher, Acacia sieberiana. We 
simulated a typical savanna microhabitat by planting tree species within a grass matrix. 
Watering treatments altered to represent drought (minus 40% of the average), normal (same 
amount as the long-term average of the area), and excess (addition of 40% of the long term 
average) precipitation. Passive warming was achieved using open-top chambers. Tree 
seedling emergence was monitored in the first two weeks. Thereafter, weekly tree growth rate 
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measurements were recorded. The final above-ground grass biomass, tree root:shoot ratio and 
specific leaf area were quantified. We found that water availability was the main limiting 
factor for grass productivity, with low grass biomass attained under the drought treatments. 
Warming had no significant effect on grass productivity, but had a large positive effect on tree 
growth and performance when coupled with excess or normal water treatments. Tree seedling 
root:shoot ratios were highest in the drought treatment, possibly as an adaptation to low water 
supply. Higher specific leaf area was recorded with warming, further elucidating the positive 
effect of increased temperature for tree growth. 
 
(2) Using a completely randomized experimental design in the greenhouse, we 
investigated the effects of fertilizer, fire and grazing on the survival, growth and biomass of 
Acacia sieberiana. We simulated a typical savanna microhabitat by planting a common 
savanna grass species, Eragrostis curvula, together with saplings of A. sieberiana. Treatments 
of fertilizer, simulated grazing and fire were applied. Weekly measurements of relative 
growth rate (RGRheight and RGRdiameter) were recorded. At the end of 24 weeks, survival, total 
above- and below-ground biomass, and key functional traits (specific leaf area and average 
thorn length) were recorded to assess differences in tree performance. We found that 
fertilization was beneficial to grasses only, increasing their total biomass. Consequently, we 
observed increased tree sapling mortality with high grass biomass. Fire increased the 
saplings’ investment in shoot growth and stem diameter. However, we found no evidence of 
differential post-fire allocation to roots or shoots when grass competition was absent. Grass 
biomass was also found to decrease the specific leaf area of tree saplings.  
 
(3) We conducted a two-year field fertilizer trial, using pairs of open grassland and 
encroached plots at four sites across a precipitation gradient, ranging from 300–1500 mm 
    vii 
mean annual precipitation (MAP). We assessed the effects of encroachment, N, P and N+P 
addition on soil N stocks and soil P, litter % N and C:N ratio (index of decomposition), plant 
productivity and species richness. We found that soil N stocks were on average 15 times 
higher in the higher precipitation sites regardless of nutrient addition or encroachment. Larger 
variation in soil P was noted at the high precipitation sites, with some evidence of P-limitation 
in the encroached area with the highest precipitation. We found significant positive effects of 
encroachment on litter % N (quality), C:N ratios and forb cover across the precipitation 
gradient. Fertilization increased grass biomass and reduced species richness in the high-
precipitation sites only. The purportedly beneficial effects of encroachment on litter and plant 
species richness was more pronounced at the high-precipitation sites. Overall, increased 
nutrient availability was found to be of importance in high precipitation sites only, possibly 
due to water scarcity at the low-precipitation sites. 
 
(4) To elucidate the effects of fertilizer addition, simulated fire and grazing on the rate of 
nitrogen (N) fixation and soil respiration we conducted a greenhouse experiment using a 
woody encroaching species, Acacia sieberiana, and the commonly occurring grass species 
Eragrostis curvula. Treatments of fertilizer, simulated grazing and fire were applied. 
Thereafter the Acetylene Reduction Assay was used to determine the rate of biological 
Nitrogen fixation (BNF). We found a significant decrease in BNF with fertilizer addition, and 
increases in BNF after fire application. Soil respiration increased with fertilizer addition and 
decreased after fire application. Grazing had no independent effect on any of the response 
variables. However, decreased grass biomass resulted in increased BNF across all treatments. 
Furthermore we found that larger saplings achieved a higher rate of BNF, with a positive 
correlation between the rate of BNF and both the number and weight of root nodules. The 
implications of these studies are:  
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(1) Future climate-change predictions of increased drought may constrain grass biomass, 
thereby promoting woody plant success. Predicted warming is likely to further enhance 
woody plant performance.  
(2) Increased nutrient availability, whether as fertilizer addition or increased nitrogen 
deposition, may promote the competitive ability of the grass component, thereby limiting 
woody plant invasion. This is based on the assumption that grass productivity is not limited 
by frequent fire or intensive grazing.  
(3) Encroachment of leguminous woody plants is purportedly beneficial in higher 
precipitation areas, due to increased soil nitrogen, higher grass foliar quality under trees, 
greater forb cover and increased decomposition. Hence, encroachment control should be 
prioritized in low precipitation sites, particularly in rangelands where woody plants are 
undesirable.  
(4) Low intensity or infrequent fire is ineffective at controlling woody plant proliferation, 
particularly if the invader is able to resprout and is capable of biological nitrogen fixation. 
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CHAPTER 1: Introduction 
1.1 Rationale for the research  
 
Woody plant encroachment (also known as shrub or bush encroachment) is the increasing 
abundance of woody vegetation, which over time leads to closed-canopy environments 
(Archer et al. 2017; Bond et al. 2017). In southern Africa, tree and shrub densities have 
increased by 30-50 % (Hoffman & Ashwell 2001; Hudak & Wessman 2001; Bond 2008; 
Ward et al. 2014). Increased density of woody plants reduces the grazing capacity of 
grasslands and savanna rangelands, resulting in substantial economic and biodiversity losses 
(Archer et al. 1995; Wiegand et al. 2006). Grasslands and savannas are important for 
ecotourism, which serves as a major source of income for several African countries (Gray & 
Bond 2013). Woody plant encroachment negatively affects tourist perceptions through 
reduced game-viewing opportunities (Gray & Bond 2013). However, a meta-analysis by 
Eldridge et al. (2011) has highlighted that the commonly mentioned link between woody 
plant encroachment and degradation is not universal, with one of the benefits of 
encroachment including increased resource stocks (e.g. below-ground carbon (C) and 
nitrogen (N) or above-ground net primary productivity). A major issue regarding the effects 
of woody plant encroachment is that current poor management practices such as heavy 
stocking can lead to landscape degradation many years after their implementation. Therefore, 
an in-depth understanding of the factors promoting woody plant encroachment, as well as the 
relative effects of encroachment under different land-uses is needed. This thesis aimed to 
disentangle the effects of climate (precipitation and warming) and land use (nutrients, fire and 
grazing) on woody plant encroachment across a precipitation gradient in South Africa.  
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Savannas are dynamic on both temporal and spatial scales, and vary with changes in 
climate (primarily precipitation), soil nutrient content, fire regime, herbivory and physical 
disturbance (Wiegand et al. 2005; Calabrese et al. 2010; Bond et al. 2017). These ecosystems 
are driven by resource- and disturbance-mediated patterns, with competitive interactions 
playing a vital role (Bond 2008; Riginos & Grace 2008; Pillay & Ward 2014). Although 
coexistence of species may occur through resource partitioning, one life form may often 
dominate another, as is the case with woody plant encroachment.  The availability of 
resources (water and nutrients) and disturbances (fire and large mammalian herbivory) have 
been identified as interactive mechanisms that regulate savanna structure (Higgins et al. 
2000; Jeltsch et al. 2000; Wiegand et al. 2006; Meyer et al. 2008; Accatino et al. 2010, 2017; 
Archer et al. 2017; Devine et al. 2017). Primary areas of research in savanna ecology are the 
mechanisms of coexistence of two contrasting life forms (grass and trees), and the factors that 
influence the relative abundance of each life form (Accatino et al. 2010).  
Fig. 1.1 The effects of changing climate (precipitation and warming) and land use (nutrients, 
fire and grazing) on woody plant encroachment.  
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Further alterations to the grass:tree ratio exist due to the effects of climate change, 
increased carbon dioxide concentrations, altered precipitation patterns and temperature 
changes (Hibbard et al. 2001; Bond & Midgley 2012; Carlyle et al. 2014). Anthropogenic 
activities, mainly the combustion of fossil fuels for energy, transportation and industrial 
activities, have increased global emissions of carbon dioxide, methane and nitrogen dioxide 
(Wenig et al. 2003). The Intergovernmental Panel on Climate Change (IPCC 2014) has 
predicted a reduction in precipitation over the south-western parts of South Africa, and an 
increased warming trend by the end of the 21st century (IPCC 2014). Altered precipitation, 
climate warming, increased nitrogen deposition and changes in land use all contribute the 
uncertainties of vegetation dynamics in ecosystems where woody plant encroachment has 
occurred, and also where it may potentially occur.  
1.2 Woody plant encroachment and future climate change 
Precipitation and warming 
 
Theoretical models of tree–grass interactions are well explained in the literature (Higgins et 
al. 2000; Jeltsch et al. 2000; Wiegand et al. 2006; Accatino et al. 2010, 2017; Archer et al. 
2017; Devine et al. 2017). However, empirical studies investigating future climate-change 
scenarios in southern African savannas are lacking (Bond et al. 2010; Kgope et al. 2010; 
Leakey et al. 2012; Parr et al. 2014). Indeed, savanna tree–grass interactions may be 
particularly sensitive to climate change, and of great importance considering the vast 
expansion of woody plant density in grasslands and savannas globally (Volder et al. 2013). 
Determining the relative responses of trees and grasses to changing climates may also help 
predict shifts in vegetation structure, or plasticity in traits resulting from future climate 
changes (Alpert & Simms 2002; Violle & Jiang 2009).  
22 
 
Water availability, being the most limiting factor in most ecosystems (Ludwig et al. 
2004), is likely to have its greatest impact on plant communities in arid environments 
(Weltzin et al. 2003; Kraaij & Ward 2006; Throop et al. 2012). While changes in 
precipitation-event size and distribution may have larger impacts on plant performance and 
productivity than the effects of elevated CO2 in grassland and savanna ecosystems, responses 
are highly variable across experiments (White et al. 2012; Carlyle et al. 2014).  In grasslands 
and savannas, precipitation events are usually patchy, both on spatial and temporal scales 
(Wiegand et al. 2006). Sparse, and often low, amounts of precipitation are only sufficient to 
infiltrate the uppermost soil layers, which are frequently only available to the shallow root 
profiles of grasses (Ward et al. 2013). However, when grasses are heavily grazed, the 
competitive effect of grasses is greatly reduced, and soil moisture usually intercepted by the 
grass layer, is now able to seep down to the subsoil layers, which is then used by trees 
(Walter 1971). This may allow for the proliferation of woody plant biomass (Knoop & 
Walker 1985). However, rooting-niche separation cannot be an exclusive explanation for the 
initiation of woody plant encroachment because young trees use the same subsurface soil 
layer as grasses in the sensitive early stages of growth (Ward et al. 2013). For example, 
Kraaij & Ward (2006) found that germination of the heavily encroaching species Acacia 
mellifera is much more sensitive to precipitation supplementation than to grazing.  
A meta-analysis of African savanna field sites showed a “broken stick” relationship 
between woody plant cover and mean annual precipitation (MAP) (Sankaran et al. 2005). 
Below 650 mm MAP, herbivory, fire, and soil properties can only reduce woody cover below 
its maximum, which depends linearly on MAP (Meyer et al. 2007). Above this threshold, 
there is an asymptote where savannas are unstable and disturbances such as fire or herbivory 
are necessary to prevent woody plant encroachment or canopy closure (Sankaran et al. 2005). 
Water stress during the dry season of savannas has a major impact on the survival of woody 
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seedlings (Gignoux et al. 2009). The length and severity of the dry season is also very 
important in determining tree establishment (Kraaij & Ward 2006). Although tree seedlings 
rapidly develop an extensive root system to gain better access to water (Ward & Esler 2011) , 
evenly distributed precipitation is still a requirement to compensate for the loss of water 
through transpiration (Mordelet et al. 1997).  
Warmer temperatures increase rates of virtually all chemical and biochemical 
processes in plants and soils (Saxe et al. 2001). Resultant increases in photosynthetic 
capability and overall metabolic activity, may prove favourable to woody plants. Way and 
Oren (2010) used data from 63 studies to examine the difference in growth response of plants 
to a change in temperature. These authors found that elevated temperatures enhanced growth 
(measured as shoot height, stem diameter and biomass) in deciduous species (Way & Oren 
2010). Changes to climates across the globe may have long-term effects on plant 
communities because temperature plays an important role in regulating ecosystem processes, 
such as the activity of soil microbes (Rustad et al. 2001), nutrient availability through N 
mineralization (Reich et al. 1997) and trace-gas emissions (Cantarel et al. 2012), as well as 
root growth and turnover (Bai et al. 2010). The extent to which increased temperatures will 
affect ecosystems may depend on water availability. However, long-term predictions of 
precipitation changes are difficult to make because precipitation is expected to increase in 
some areas and decrease in others (IPCC 2014). Few South African studies have investigated 
independent and interactive effects of altered precipitation and warming on the performance 
of tree and grass saplings.  
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1.3 Woody plant growth and performance: Land-use drivers of encroachment 
Effects of nutrient availability 
  
Plant productivity and above-ground biomass are thought to increase with higher soil 
resource availability (e.g. nitrogen, water, phosphorus) (Barbosa et al. 2014).  However, 
higher nutrient availability may have direct positive effects and indirect negative effects on 
savanna tree sapling recruitment, by influencing the competitive and facilitative interactions 
between trees and grasses (Vadigi & Ward 2012). Availability of nutrients may directly 
enhance seedling growth (Wakeling et al. 2010) or suppress seedling establishment by 
increasing grass competition (Kraaij & Ward 2006, Pillay & Ward 2014; Barbosa et al. 
2014). Because N is usually limiting across grasslands, particularly in southern Africa, N 
fertilization is often associated with increased productivity (Gough et al. 2000; Ward et al. 
2017). Furthermore, increased nutrient availability may have a negative effect on species 
diversity. Bustamante et al. (2012) found that nitrogen and phosphorus addition reduced plant 
diversity. A recent study by Ward et al. (2017) compared the results of a long-term (65 years) 
experiment in a South African grassland with the world's longest-running ecological 
experiment, the Park Grass study at Rothamsted, United Kingdom. The results showed an 
apparently universal negative relationship between species richness and ANPP, as well as the 
negative impact of nitrogen addition on species richness.  
Effects of fire and grazing 
 
The occurrence of fire in African savannas is highly variable, ranging from frequent to 
sporadic, and even rare in some instances (Meyer et al. 2005). Although fire is a major 
disturbance factor in many biomes, from savannas to tropical rain forests, other factors such 
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as season, intensity and frequency of fire are key determinants of its impacts on vegetation 
(Bond & Keeley 2005; Archibald et al. 2012; Twidwell et al. 2016). Smit et al. (2016) and 
Case & Staver (2017) found that further encroachment can only be managed with increased 
fire frequency.  However, many savanna trees are able to persist despite repeated burning 
(Bond & Midgley 2001; Bond & Keeley 2005; Lawes et al. 2012). One of the ways that 
woody plants persist after a fire is through the ability to resprout from the base of the plant 
following the death of the above-ground stem (Lawes et al. 2012). Given the high 
flammability of mesic savannas, disturbance due to fire is of particular importance (Bond & 
Keeley 2005; Archibald & Hempson 2016). Furthermore, fire is known to cause large 
amounts of soil nutrient loss (particularly N loss) to the atmosphere through the process of 
volatilization (Aranibar et al. 2003). Data from long-term fire experiments in grasslands and 
savannas indicate that frequent fires over long periods lead to a reduction in total soil N pools 
(Coetsee et al. 2010). Hence, fire may not only influence tree sapling mortality, but also 
significantly influence soil nutrient cycles.  
Grazing as a disturbance has been shown to reduce water and nutrient uptake in 
grasses, resulting in an increase in available resources for the woody vegetation (Kambatuku 
et al. 2011). Therefore, more resources are obtained by the trees than by grasses, and as a 
consequence, this leads to the recruitment and encroachment of woody plants in savannas, 
especially in high-precipitation areas (Van Langevelde et al. 2003; Tjelele et al. 2015). 
Furthermore, effects of large herbivores may also interact with fire activity because high 
levels of grazing typically reduce fire frequency, which can enable woody plants to escape 
the “fire trap”, and increase in dominance (Werner & Peacor 2003; Archibald & Hempson 
2016). An increase in grazing pressure has been noted as a main cause for reduced fire 
frequency, leading to mass tree recruitment or woody plant encroachment (Van Auken 2000; 
Gordijn et al. 2012). 
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Nitrogen fixation as a driver of encroachment 
 
In N-limited systems such as savannas, one would assume that the ability of leguminous trees 
to biologically fix nitrogen (N2) would increase their competitive effect over the grass 
component (Cramer et al. 2007; Kambatuku et al. 2013). The encroachment of woody 
legumes may then be attributed in part to their ability to fix nitrogen, especially during the 
tree seedling stage, when grasses are usually superior competitors (Knoop & Walker 1985, 
Van Der Waal et al. 2009). Species from the plant family Leguminosae are well known for 
forming a symbiotic relationship with nitrogen-fixing soil bacterium in the genera 
Azorhizobium, Bradyrhizobium and Rhizobium (Crews 1999). Through this association, the 
legume receives otherwise inaccessible biologically fixed N2 from the soil bacteria (Liu et al. 
2010). Global biological N fixation (BNF) in terrestrial ecosystems has been estimated at 128 
Tg.N .yr-1, supplying approximately 15% of the N requirement across all biome types 
(Galloway et al. 2004). According to this estimate, about 70% of BNF occurs in regions with 
warmer climates – with Africa contributing approximately 25.9 Tg.N.yr-1 (Bustamante et al. 
2012). Indeed, tropical savanna ecosystems are considered ‘hot spots’ of biological nitrogen 
fixation (BNF) due to high densities of fixing legumes (Vitousek et al. 2013).  
Under low soil-nitrogen conditions, the nitrogen-fixing trees have a competitive 
advantage over other non-N-fixing plants and, given enough precipitation, may germinate en 
masse (Kraaij & Ward 2006). However, the tree-legume species in savanna systems do not 
always fix N2 (Aranibar et al. 2003, Kambatuku et al. 2013). Despite the few studies directly 
documenting N-fixation by native legumes under natural conditions in African savannas, 
there is some indirect evidence suggesting N fixation for a few species (Ndoye 1995; Cramer 
et al. 2007). However, little is known about the effects of nutrients, fire and grazing on the 
rate of BNF, with relevance to the expansion of woody plants into savannas and grasslands. 
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For example, if N-fixation carries a high carbon cost, one might expect low rates of fixation 
under low resource-availability scenarios, or under intense intra-specific competition 
(Kambatuku et al. 2013).  
1.4 Aims and objectives of the study 
 
This study sought to understand the mechanisms (climate and land-use changes) that drive 
woody plant encroachment of grasslands and savannas, and the biogeochemical 
consequences of woody plant encroachment across a precipitation gradient (300 mm to  
1500 mm, MAP) in South Africa.  
The specific objectives of the study were to:  
(1) Quantify the independent and interactive effects of altered water availability and 
warming on the growth and performance of savanna grasses and tree saplings.  
(2) Determine the effects of fertilizer, fire and grazing on the survival, growth and 
biomass of a dominant encroaching savanna tree species, and the effects of 
competition from grasses on tree growth and survival.  
(3) Examine the effects of fertilization and woody plant encroachment on soil, litter 
and plant dynamics across a precipitation gradient.  
(4) Biological nitrogen fixation (BNF) is an important factor differentiating trees from 
grasses in many southern African environments (Cramer et al. 2010; Kambatuku 
et al. 2013). We investigated the effects of BNF in a dominant leguminous 
encroaching species, Acacia sieberiana, on competition with grasses.  
Studying interactions between savanna trees and grasses may be difficult for various reasons, 
such as long lifespans, during which the performance of an individual plant may fluctuate. 
Perennial savanna trees typically reach reproductive maturity at around 10 years old (Rohner 
28 
 
& Ward 1999). Therefore, while reproductive fitness is the most relevant measure of the 
performance (Goldberg et al. 1999), it is not always possible to measure a metric such as 
fecundity in savanna trees. Hence, for the purpose of this thesis, we have used physiological 
traits as indices of performance (Lavorel et al. 2007; Pérez-Harguindeguy et al. 2013).  
1.5 Study sites 
 
The study was carried out in South Africa at four study sites along a precipitation gradient 
(Fig. 1). The spatial variation in precipitation in southern Africa displays an increasing 
gradient of precipitation from west to east, coinciding with the precipitation gradient of our 
study sites. Mean annual precipitation ranged from 300 mm to 1500 mm. The four sites were 
Middelburg (300 mm MAP), Pniel (350 mm MAP), Bergville (700 mm MAP) and 
KwaMbonambi (1500 mm MAP) (Table 1).  
1.6 Thesis structure 
 
Chapter 1 is a brief introduction of the thesis that outlines the key questions, objectives, 
study sites, and structure of the thesis. In Chapter 2, I present the results of a greenhouse 
experiment in which several factors were controlled to simulate possible climate-change 
scenarios of altered precipitation and temperature. This study showed that drought has 
important negative implications for grass productivity, and may reduce the competitive 
effects of grasses on trees. Coupled with increased performance of trees under warmed 
conditions, future climate change may further promote tree establishment, especially in areas 
where precipitation is limiting. Chapter 3 represents a greenhouse study on the effects of 
fertilizer, fire and grazing on the survival, growth and biomass of a dominant encroaching 
savanna tree species, Acacia sieberiana, in KwaZulu-Natal. The study showed that 
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fertilization was beneficial to grasses only, increasing their total biomass, and consequently, 
resulting in high tree sapling mortality and reduced photosynthetic ability. This study also 
demonstrated the post-fire resprouting response of Acacia sieberiana as a possible 
mechanism promoting its successful encroachment. Chapter 4 presents a field study on the 
effects of fertilizer addition and shrub encroachment on soil, litter and plant dynamics on a 
precipitation gradient from the dry central Karoo (ca. 300 mm MAP) to the humid eastern 
seaboard of South Africa (1500 mm MAP)(Fig. 1). Here we found that increased nutrient 
availability was of importance in high-precipitation sites only, possibly due to water scarcity 
at the low-precipitation sites. The overall purportedly beneficial effects of encroachment on 
litter and plant species richness was more pronounced at the high-precipitation sites. Chapter 
5 reports on a greenhouse study investigating the effects of fertilizer addition, simulated fire 
and grazing on the rate of BNF in a common leguminous woody invader. In this study, we 
showed that fertilizer addition suppresses BNF because the presence of readily available N 
negates the costs of fixation. We also found that tree saplings invest heavily in BNF post-fire, 
possibly to compensate for soil N lost after a fire. Finally, Chapter 6 presents general 
conclusions based on the experimental results obtained over the duration of the study. New 
avenues for future research are also proposed in this final chapter. 
All chapters in the thesis, with the exception of the Introduction (Chapter 1) and the 
Conclusions (Chapter 6), are formatted according to the style of a particular targeted journal, 
as indicated on the title page of that chapter. As a result, some repetition and inconsistency of 
format is unavoidable. The chapters and their targeted journals are as follows: 
Chapter 2: “Drought suppresses grass productivity while warming promotes tree 
performance in a savanna”. Formatted for Global Change Biology.  
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Chapter 3: “Interactive effects of fire, fertilizer and grazing on an encroaching woody 
species: the importance of grass competition in limiting sapling growth and performance”. 
Submitted to Plant Ecology.  
Chapter 4: “Soil, litter and plant dynamics across a precipitation gradient: the effects of 
fertilization and woody plant encroachment”. Formatted for Ecosystems. 
Chapter 5: “Fertilizer and fire influences biological nitrogen fixation and soil respiration in 
Acacia sieberiana”. Submitted to Plant and Soil.
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Table 1.1 Study site description (Mucina & Rutherford 2006) 
 
 
 
Site  GPS coordinates Annual 
Precipitat
ion (mm) 
Temperature (oC) 
Min             Max 
Biome Soil Characteristics Major plant species 
KwaMbonambi 28o 49ʹ 60.61ʺS 
32o 16ʹ 96.92ʺE 
1500 3.5 35 Maputaland 
wooded 
grasslands 
Quaternary redistributed sands 
supporting yellowish redistributed 
sands of the Berea formation 
Sporobolus fimbriatus, Digitaria 
natalensis (grasses); Diospyros lycioides 
(shrub); Terminalia sericea (tree)  
 
Bergville 28o 79ʹ 06.30ʺ S 
29o 38ʹ 98.40ʺE 
700 5.8 32.6 KwaZulu-
Natal moist 
grasslands 
 
Ordovician Natal group sandstone Themeda triandra, Hyparrhenia hirta 
(grasses); Acacia karroo, A sieberiana 
(trees) 
 
Pniel 28o 34ʹ 50.00ʺS 
24o 30ʹ 30.70ʺE 
350 -4.1 37.5 Kimberley 
thornveld 
Sandy to loam soils of the Hutton soil 
form 
Eragrotis curvula, Schmidtia 
pappophoroides (grasses); Acacia 
erioloba, A tortilis, A. karroo, A. 
mellifera, Tarchonanthus camphoratus 
(trees) 
 
Middelburg 31o 25ʹ 98.83ʺS 
24o 58ʹ 82.10ʺE 
300 -7.2 36.1 Eastern 
Upper 
Karoo 
Sandy to loam soils of the Hutton soil 
form 
Aristida and Eragrostis (grasses); Searsia 
erosa, S. burchellii, Diospyros lycioides 
and Eriocephalus ericoides (shrubs) 
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Fig. 1.2 Four study sites in South Africa, representing a precipitation gradient from 300 mm – 1500 mm mean annual precipitation. 
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2.1 Abstract 
We examined the independent and interactive effects of altered water availability and 
warming on the growth and performance of savanna grasses and tree saplings in the face of 
predictions of altered global climate change. Using a completely randomized experimental 
design in the greenhouse, we investigated the effects of manipulated water availability and 
passive warming on the productivity of the commonly occurring grass species Eragrostis 
curvula, and the emergence and performance of seedlings of the native woody encroacher, 
Acacia sieberiana. We simulated a typical savanna microhabitat by planting tree species 
within a grass matrix, in 45 L black plastic bags. Watering treatments were calculated using 
the long-term (50 year) monthly mean precipitation, and applied weekly as drought (minus 
40% of the long-term average), normal (same amount as the long-term average of the area), 
and excess (addition of 40% of the long-term average). Passive warming was achieved using 
open-top chambers. Tree-seedling emergence was monitored in the first two weeks. 
Thereafter, weekly tree growth-rate measurements were taken. After 24 weeks the 
experiment was terminated, and the final above-ground grass biomass, tree root: shoot ratio 
and tree specific leaf area were quantified.   
We found that water availability was the main limiting factor for grass productivity, with low 
grass biomass attained under the drought treatments. Warming had no significant effect on 
grass productivity, but had a large positive effect on tree growth and performance when 
coupled with excess or normal water treatments. Tree seedling root:shoot ratios were highest 
in the drought treatment, possibly as an adaptation to low water-supply. Higher specific leaf 
area was recorded with warming, further elucidating the positive effect of increased 
temperature for tree growth. Drought has important negative implications for grass 
productivity, and may reduce the competitive effects of grasses on trees. Coupled with 
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increased performance of trees under warmed conditions, future climate change may further 
promote tree establishment, especially in areas where precipitation is limiting.  
 Key-words  
Acacia sieberiana, Vachellia, grass, precipitation, warming, drought, savanna 
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2.2 Introduction 
 
Climate-change models predict future global alterations in mean temperature and 
precipitation patterns, which are likely to affect ecosystem function (Carlyle et al., 2014).  
Land areas may warm by as much as 1.6°C over the semi-arid parts of southern Africa by 
2050, with a predicted 10% reduction in precipitation (IPCC 2014). Both natural and 
experimental warming have been shown to generally increase productivity in plant 
communities (Hudson & Henry, 2009) and alter species interactions (Wu et al., 2011; Carlyle 
et al., 2014). Warmer temperatures increase rates of virtually all chemical and biochemical 
processes in plants and soils (Saxe et al., 2001). Resultant increases in photosynthetic 
capability and overall metabolic activity, may prove favourable to woody plants. Way & 
Oren (2010) used data from 63 studies to examine the difference in growth response to a 
change in temperature. They found that elevated temperatures enhanced growth (measured as 
shoot height, stem diameter and biomass) in deciduous species (Way & Oren, 2010). Wu et 
al. (2011) found that experimental warming and increased precipitation generally stimulated 
plant growth, whereas decreased precipitation had the opposite effects. Volder et al. (2010) 
consider climate warming and drought to alter tree establishment in savannas through 
differential responses of tree seedlings and grass to intermittent precipitation events.  
Water availability, being the most limiting factor in most ecosystems (Ludwig et al., 
2004), is likely to have the greatest impact on plant communities in arid environments 
(Weltzin et al., 2003). Changes in precipitation event size and distribution may have larger 
impacts on plant performance and productivity than the effects of elevated CO2 in grassland 
and savanna ecosystems, yet responses have been highly variable across experiments (White 
et al., 2012; Carlyle et al., 2014). For example, Gherardi & Sala (2015) conducted a field 
experiment where they experimentally manipulated precipitation, and found that total 
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productivity of grasses declined in response to increased precipitation variability. However, 
shrubs benefited, suggesting a potential shift from grassland to shrubland in the future. Kraaij 
& Ward (2006) showed empirically that the main driver of woody plant encroachment at a 
semi-arid site of South Africa was water availability, with responses to the maximum 
precipitation leading to encroachment by Acacia mellifera. Mostly, encroachment was due to 
a change in the frequency of precipitation – simulated precipitation events of at least 15 mm 
every two weeks led to tree invasion. Fay et al., (2003) have also shown through a long-term 
precipitation manipulation experiment in a mesic tallgrass prairie, the negative effects of 
changes in water availability on above-ground net primary productivity. Furthermore, Joubert 
et al., 2017 have shown that even long-lived species such as Acacia mellifera, living for well 
over a century, is susceptible to drought.  
Tree–grass interactions are well represented in the literature, but empirical studies 
investigating future climate change scenarios are lacking, particularly in Africa (Leakey et 
al., 2012). Indeed, savanna tree–grass interactions may be particularly sensitive to climate 
change (Volder et al., 2013), and of great importance considering the vast worldwide 
expansion of woody plant density (termed bush or shrub encroachment) in grasslands and 
savannas (Archer et al., 2017). Determining the relative responses of trees and grasses may 
also help predict shifts in vegetation structure, or plasticity in traits favouring future climate 
change (Alpert & Simms, 2002; Bond 2008). The aim of this study was to investigate the 
effects of altered precipitation and warming on the performance of tree and grass saplings. 
We used a greenhouse experiment to simulate altered precipitation patterns and passive 
warming using open-top chambers (OTC). Temperature increases of less than 1°C are 
sufficient to induce changes in soil respiration (Rustad et al., 2001), nitrogen mineralization 
and above-ground plant biomass (Volder et al., 2013). We measured grass productivity and 
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tree seedling emergence, subsequent tree-sapling growth rates and changes in functional 
traits, viz. root:shoot ratio and specific leaf area. We predicted that: 
1. Reduced watering would have a more profound negative effect on grass biomass than would 
the warming treatment because grasses are known to respond more rapidly to water 
availability in the upper soil layers (Walter 1939; Knoop & Walker, 1985; Ward et al., 2013).   
2. Similarly, we anticipated that watering would be more important than warming for tree 
seedling emergence because water is the main requirement for germination (Kraaij & Ward, 
2006).   
3. We expect that warming would be an important factor for tree performance, with positive 
effects of warming on tree growth rates and functional traits, attributed to increased metabolic 
rates under warmed conditions (Saxe et al., 2001; Way & Oren, 2010). Furthermore, Stevens 
et al., (2014) showed that warmer temperatures accelerate the rate of radicle extension in 
trees and increase the frequency of seedling establishment events.  
2.3 Methods 
Study species 
Acacia sieberiana DC. var. woodii (Burtt Davy) Keay & Brenan (recently renamed Vachellia 
sieberiana; commonly referred to as the paperbark thorn) is a medium-sized (7-15 m), 
deciduous, flat-topped tree, found in southern Africa, north to Ethiopia. This tree species is 
known to encroach mountainous grasslands and savannas, particularly in the mesic-humid 
areas of southern Africa (Grellier et al., 2013). The grass species selected for this study was 
Eragrostis curvula (Schrad.) Nees which is a widespread savanna grass species, common to 
KwaZulu-Natal province (South Africa), where the study was conducted.  
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Experimental setup 
 
The experiment was carried out at the greenhouse of the Botanical Gardens of the University 
of KwaZulu-Natal, Pietermaritzburg, South Africa. A tree-grass matrix was used to mimic a 
typical savanna microhabitat.  We used 60 45 L bags (0.5 m W x 0.4 m L) in a completely 
randomized design. To replicate the grass component of the savanna, we sowed Eragrostis 
curvula into 45 L bags (approximately 50 grass seeds per bag) containing Umgeni grit, an 
alluvial soil characteristic of the Pietermaritzburg area, with a particle diameter of 
approximately 1.5 to 2mm..Acacia sieberiana was used to replicate the woody savanna 
component. Three levels of water treatment (drought, normal and excess), and two levels of 
temperature (ambient and warmed), in all combinations were replicated five times during the 
24-week course of the experiment. We rotated these bags on a biweekly basis to minimize 
edge effects. 
Water availability was manipulated by hand watering bags weekly for the duration of 
the experiment. The long-term (50-year, 1950-2000) mean annual precipitation for the area is 
750 mm. Once each week, each bag received water equivalent to the mean annual 
precipitation (normal), while others we increased the monthly precipitation average by 40 %, 
as the excess treatment. Similarly, the average precipitation was decreased by 40% for the 
drought treatment. Bags were hand-watered slowly to ensure minimal runoff; locally 
collected rainwater was used for the watering. An increase in globally averaged surface 
temperatures within the next century is predicted to result in fewer, but larger precipitation 
events (IPCC 2014). Additionally, models indicate that greater evaporation in response to 
warmer atmospheric temperatures will likely increase the frequency, duration, and intensity 
of droughts (Liu et al. 2017). Hence, we used the long-term mean annual precipitation for the 
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area (750 mm MAP), to mimic the normal, excess (average plus 40 %), and drought (normal 
minus 40%). This methodology was comparable to that of Volder et al. (2010). 
Passive open-top chambers (OTC) are used to experimentally increase temperature 
(Marion et al., 1997; Fraser et al., 2009; Carlyle et al., 2014). Each OTC (sixty in total) was 
constructed with a hexagonal base and a top opening of 0.6 m. Plastic was secured to eight 
wooden stakes driven into the soil, angled so that the top opening was square, 0.8 m above 
the soil surface. To ensure efficacy of the OTC, soil temperature was measured at 5 cm depth 
in a subset of bags in all treatment bags, using the Thermochron iButton® temperature logger 
(n = 20). Temperature measurements were taken over a 7 day period. OTC temperatures were 
shown to be higher (21.6 ± 1.1°C) than that of the control bags (20.7 ± 1.3°C).  
 At the beginning of the experiment, 300 seeds of A. sieberiana were chemically 
scarified for one hour by soaking in 1 M hydrochloric acid (HCl). Seeds were then rinsed 
repeatedly using distilled water, and soaked in boiling water overnight.Five tree seeds per bag 
were sowed. We monitored seedling emergence after 14 days, and thereafter thinned the tree 
seedlings to one per bag. Weekly measurements of tree height were recorded and 
subsequently used to calculate relative growth rate (RGRheight). Calculations for relative 
growth rate of tree sapling stem height (RGRheight) were based on the natural logarithm 
measured in mm.mm-1.week-1 (Kohi et al., 2009). After 24 weeks, specific leaf area of three 
randomly selected leaves per sapling were recorded. Thereafter, all trees and grasses were 
subsequently harvested. Tree roots were carefully washed free of sand to minimize loss of 
fine root material. Tree shoots and roots were oven dried at 70 °C for 24 hours. Tree root and 
shoot dry biomasses and above-ground grass biomass were quantified.  
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Statistical analysis 
All statistical analyses were conducted in SPSS (version 18.0 for Windows). Effects of 
treatment variables (watering and warming) on tree and grass growth parameters were 
analyzed using Multivariate Analysis of Variance (MANOVA) to control for Type I error 
caused by the analysis of multiple dependent variables. Significant treatment effects were 
then assessed using Bonferroni post hoc tests.  
2.4 Results 
 
We found overall significant effects of watering treatments (MANOVA: Wilk’s lambda = 
0.017, p < 0.001), the warming treatment (MANOVA: Wilk’s lambda = 0.016, p < 0.001) 
and the interaction between watering and warming treatments (MANOVA: Wilk’s lambda = 
0.033, p < 0.001).  
We found that above-ground grass biomass was significantly affected by watering 
regime (Table 1), with the highest biomass attained in the excess watering treatment (347.1 g 
± 33.7 g) as compared to the drought treatment (41.5 g ± 15.3 g, Fig. 1). Warming had no 
significant effect on final grass biomass (Table 1). There were no significant interaction 
effects on above-ground grass biomass (Table 1). 
Significant interaction effects of watering regime and warming were observed for 
percentage tree seedling emergence (Table 1, Fig. 2). We found that percentage tree seedling 
emergence was significantly higher (Table 1) in the normal and excess watering treatment 
when the temperature was warmer (mean = 97.7 % ± 4.40 and 89.0 % ± 4.12, respectively). 
In the drought treatment, tree seedling emergence was significantly lower (p < 0.005) than the 
normal and excess watering treatment, irrespective of temperature (Fig. 2). There was a 
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marginally significant difference (p = 0.059) in percentage emergence between the normal 
and excess watering regimes.  
Tree sapling growth parameters (RGRheight and root:shoot ratio) showed significant 
main and interaction effects of watering regime and temperature treatment (Table 1). 
Consistently higher RGRheight was attained in the warmed treatment, across watering regimes. 
Excess watering resulted in significantly higher RGRheight (mean= 0.06 ± 0.004 mm.mm
-
1.week-1), as compared to the drought treatment (mean= 0.02 ± 0.002 mm.mm-1.week-1) when 
both were warmed (Fig. 3). There were no significant differences in RGRheight between the 
normal and excess watering regimes (p = 0.129).  
Tree sapling root:shoot ratio was highest in the ambient temperature and drought 
treatment (mean =0.47 ± 0.01, p < 0.05, Fig. 4). Tree specific leaf area (SLA) was only 
significantly affected by warming (Table 1), with consistently higher SLA in plants under the 
warming treatment than those under ambient conditions (Fig. 5). There was a marginally 
significant difference (p = 0.052) among watering treatments, with the excess watering 
treatment having the highest mean SLA (mean= 8.26 ± 0.88 g.cm2). 
 
2.5 Discussion 
 
Based on predicted climate models for Africa, decreased precipitation and higher average 
temperatures are expected in the next half-century (Engelbrecht & Engelbrecht, 2016), 
thereby altering ecosystem functioning in savannas and grasslands worldwide (Moncrieff et 
al., 2015). We found that above-ground grass biomass increased with greater water 
availability, indicating that water is the most limiting resource for grass persistence. 
Following Walters’s (1939) two-layer hypothesis, both trees and grasses are water-limited 
and acquire moisture from different soil depths. Grasses, which have shallow roots, rely on 
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water from the topsoil, while trees which also have deeper roots, use water from the subsoil 
(Walter 1939; Ward et al. 2013). Consequently, grasses may be affected more severely by 
reduced water availability, particularly over a single growing season, as demonstrated in this 
study. Wu et al., (2011) conducted an experimental manipulation of precipitation and 
temperature in grasslands, and also found decreases in grass shoot biomass with reduced 
precipitation. This has also been demonstrated by Kraaij & Ward (2006), who showed that 
tree recruitment was constrained by both precipitation amount and frequency (see also Ward 
& Esler, 2011). A study by February et al., (2013) in the Kruger National Park, South Africa, 
also showed that grass biomass was significantly and positively influenced by precipitation 
addition.  The strong limitation of water availability on grass productivity may also imply 
that during drought periods, the competitive effect of grasses is reduced to an extent where 
recruitment of woody plants may be favoured (February et al., 2013).   
As predicted, we found that increased water availability and warming promoted tree 
seedling emergence.  The germination, emergence and establishment phase is critical in the 
life cycle of plants, particularly savanna tree species (Higgins et al., 2000; Vadigi & Ward, 
2012). Survival of tree seedlings that emerge during a particular season depends on water 
availability in the topsoil, which is also where competition for soil moisture is strongest, 
particularly for young trees (Knoop & Walker, 1985; Kambatuku et al., 2013; Ward et al., 
2013). Increased water availability may promote tree seedling establishment by reducing 
competition with grasses, thereby allowing successful emergence of tree saplings. 
Germination of cohorts of tree saplings during high precipitation years has been recorded by 
several studies (Wilson & Witkowski, 1998; Ward 2005; Ward et al., 2014). O'Connor 
(1995) found that Acacia karroo seedling survival was related to moisture availability with 
little or no survival when precipitation was below 500 mm per annum. Joubert et al., (2008; 
2012) found that three or more years of precipitation in excess of 500 mm were necessary for 
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survival of A. mellifera in Namibia. This empirical evidence shows that a decline in soil 
available moisture below the average requirement for a particular species, may result in 
significant mortality, or at least reduced performance.  
Increased metabolic activity caused by warmer temperatures may also promote 
seedling establishment (Saxe et al., 2001). However, increased temperature coupled with 
drought significantly reduced the emergence of tree seedlings in our study, possibly due to 
the increase in water deficit with warming (del Cacho et al., 2012). Conversely, increased 
temperature in the presence of excess watering resulted in the highest relative-growth rate of 
trees in our study. This result indicates a strong coupling of water availability and 
temperature in determining the success of woody plants under predicted climate change 
(Sankaran et al., 2005; Volder et al., 2013). In addition, the apparent overlap in tree growth 
parameters between the normal and excess watering treatments highlights the important 
negative effect of drought on tree survival and persistence.  
While future climate change may alter the emergence of tree seedlings, established 
populations may also display a shift in functional traits. Plasticity of functional traits enables 
plants to respond to variation in resource availability (Alpert & Simms, 2002). Root:shoot 
ratios provide insights into plant allocation, and differing strategies to cope with climatic 
variables (Cornelissen et al., 2003b). For example, Holdo (2013) showed that in Combretum 
hereroense, a common savanna species, shoot:root ratios exhibited lower allocation to root 
tissue under elevated nutrient conditions (Holdo, 2013). Our study found a dramatic increase 
in root:shoot ratio of tree saplings under drought conditions. We suspect that tree saplings 
invested more in root production in response to the drought treatment to better intercept 
available soil moisture. This has been substantiated elsewhere: Ansley et al. (2014) found an 
increase in coarse root growth during extended drought. Hoffmann et al. (2004) reported an 
increased competitive advantage of savanna trees as compared to forest species, due to a 
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higher root:shoot ratio. This greater investment in roots, presumably in root length, allowed 
savanna trees to survive droughts by accessing water deeper in the soil profile (Hoffmann et 
al., 2004).  
Specific leaf area (SLA) is an easily measured functional trait that correlates strongly 
with photosynthetic capacity, leaf lifespan and leaf nitrogen content (Morin et al., 2010). 
Some of the best-documented effects of climate change have been shifts in leaf phenology 
(Morin et al., 2010; Primack & Miller-Rushing, 2012), with SLA identified as a key trait for 
the investigation of adaptive phenotypic plasticity under altered climatic conditions (Nicotra 
et al., 2010). Yin (2002) conducted a meta-analysis based on 170 data cases including 62 
different species, and found that leaves that have been acclimated to low temperatures have 
reduced SLA. Conversely, higher temperatures should be associated with larger SLA, which 
indicates larger leaf area for a given mass (Reich, 2014). Plants with traits associated with 
high investment in photosynthesis and fast growth generally display a high SLA, and serve as 
an indicator of plant performance with environmental change (Cornelissen et al., 2003a; 
Pérez-Harguindeguy et al. 2013). In our study, we found that temperature warming resulted 
in higher specific leaf area. This indicates that encroaching woody trees, such as A. 
sieberiana, may benefit from future climate warming through a more extensive foliar display 
that captures more light for constant biomass investment (Wang et al., 2012).  
2.6 Conclusions 
 
Temperature had no effect on grass productivity in this study. However, drought conditions 
exerted a strong negative pressure on above-ground grass production. Future predicted 
drought scenarios may decrease the competitive effect of grasses on trees in savannas 
February et al., (2013).  Reduced grass competition, coupled with the strong positive effect of 
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warming on tree growth variables, such as increased relative growth rate and higher specific 
leaf area, may allow tree proliferation to pose a continual threat to grassland and savanna 
ecosystems. The positive effect of warming on tree performance is linked to higher water 
availability. With future climate models predicting a reduction in precipitation over southern 
Africa (IPCC, 2014), extreme high precipitation events may provide opportunities for en 
masse germination and establishment of woody encroachers. Nevertheless, more long-term 
field experiments with more extensive warming and watering-level treatments in savannas 
and grasslands are urgently needed to obtain further understanding of the responses of 
encroaching species across life stages to climate change. 
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Table 2.1 Univariate statistics based on the significant MANOVA results, showing the effects of watering regime and warming treatments on 
several grass and tree growth parameters. Bold values indicate significant differences (p<0.05). 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Treatments  df Final above-ground 
grass biomass (g) 
Percentage tree seedling 
emergence (%) 
Tree relative growth rate 
height (mm.mm-1.week-1) 
Tree root: shoot Tree specific leaf 
area (g/cm2) 
  F p F p F p F p F p 
Watering  2 12.522 <0.005 9.320 0.0151 8.826 0.008 15.841 <0.005 14.381 <0.005 
Warming 1 0.034 0.855 6.946 0.0110 13.801 <0.005 16.91 0.007 12.586 <0.005 
Watering* 
Warming 
2 0.187 0.865 1.703 0.309 4.408 0.024 12.402 <.005 8.697 <0.005 
Error df  53  53  53  53  53  
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Figure 2.1 Mean above-ground grass biomass ± SE after 14 days for the three watering regimes 
(drought, normal and excess) and two temperature treatments (● ambient and ○ warmed).  
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Figure 2.2 Mean percentage tree seedling emergence ± SE after 14 days for the three watering 
regimes (drought, normal and excess) and two temperature treatments (● ambient and ○ 
warmed).  
63 
 
Watering
Drought Normal Excess
T
re
e
 R
e
la
ti
v
e
 G
ro
w
th
 R
a
te
h
e
ig
h
t (
m
m
.m
m
-1
.w
e
e
k
-1

0,00
0,01
0,02
0,03
0,04
0,05
0,06
0,07
Ambient
Warmed
 
Figure 2.3 Mean tree relative growth rate in height (mm.mm-1.week-1) ± SE after 24 weeks, for 
the three watering regimes (drought, normal and excess) and two temperature treatments (● 
ambient and ○ warmed).   
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Figure 2.4 Mean tree root:shoot ratio ± SE after 14 days, for the three watering regimes (drought, 
normal and excess) and two temperature treatments (● ambient and ○ warmed).  
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Figure 2.5 Mean tree SLA ± SE after 14 days, for the three watering regimes (drought, normal 
and excess) and two temperature treatments (● ambient and ○ warmed).  
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3.1 Abstract 
 
Understanding the factors controlling tree sapling recruitment is an integral research priority for 
savanna ecosystems, particularly for the management of woody plant encroachment. We 
investigated the effects of fertilizer, fire and grazing on the survival, growth and biomass of 
Acacia sieberiana using a completely randomized experimental design in the greenhouse. We 
simulated a typical savanna microhabitat by planting a common savanna grass species, 
Eragrostis curvula, together with saplings of A. sieberiana. The trees and grasses were allowed 
to establish for 12 weeks. Thereafter, treatments of fertilizer (100 kg N/ha), simulated grazing 
and fire were applied. Weekly measurements of relative growth rate (RGRheight and RGRdiameter) 
were recorded. At the end of 24 weeks, survival, total above- and below-ground biomass, and 
key functional traits of specific leaf area and average thorn length were recorded to assess 
differences in tree performance. We found that fertilization was beneficial to grasses only, 
increasing their total biomass. We also observed increased mortality of tree saplings with higher 
grass biomass. Fire increased the tree saplings’ investment in shoot growth and stem diameter. 
However, we found no evidence of differential shoot growth and stem diameter (post-fire 
allocation) when grass competition was absent. The presence of higher grass biomass was found 
to result in decreased specific leaf area of tree saplings. We conclude that grass competition is 
important for controlling the encroachment of Acacia sieberiana. High grass biomass reduces 
tree sapling survival and specific leaf area which is an indicator of photosynthetic ability.  
 
Key-words 
 
Acacia sieberiana, Vachellia, fire, fertilizer, grazing, competition, biomass, sapling survival 
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3.2 Introduction 
 
The persistence of trees and grasses in savannas can be explained using either competition-based 
models or demographic bottleneck models (Chesson 2000; Sankaran et al. 2004).  Both model 
types highlight that the factors affecting tree sapling recruitment have a key impact on savanna 
plant dynamics. In competition-based models, precipitation and nutrient availability are seen as 
key drivers of the tree-grass continuum (Walter 1971; Walker et al. 1981). Demographic 
bottleneck models, on the other hand, focus on factors that limit the establishment and 
subsequent survival of the woody plants in savanna ecosystems (Higgins et al. 2000; Sankaran et 
al. 2004). Disturbances such as fire and herbivory are factors that are emphasized in demographic 
bottleneck models (Bond et al. 2017). More importantly, the factors affecting the large-scale 
shifts in dominance and range expansion of woody plants (termed woody plant/shrub 
encroachment) (Bond and Midgley 2000; Ward 2005), experienced globally in savannas and 
grasslands, remain largely unclear: chronic cattle grazing and fire suppression are noted as 
important drivers in the African context (Bond and Keeley 2005; Stevens et al. 2017). 
 An additional factor of potential importance is nitrogen deposition, which is predicted to 
increase in southern Africa during the next few decades due to rising industrial emissions and 
changes in land use (Phoenix et al. 2006; Miyazaki et al. 2012). Tree sapling recruitment under 
conditions of increased nutrient availability, as well as changes in fire and grazing pressure, is an 
integral research priority for understanding savanna ecosystems, as asserted by several other 
studies (e.g., Higgins et al. 2000; Wiegand et al. 2006; Tjelele et al. 2015). 
A meta-analysis of African savanna field sites showed a strong positive but asymptotic 
relationship between woody plant cover and mean annual precipitation (MAP) (Sankaran et al. 
2005). Below 650 mm MAP, herbivory, fire, and soil properties limit woody cover, which 
depends linearly on MAP (Meyer et al. 2007). Above this threshold, savannas are unstable and 
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disturbances such as fire or herbivory are necessary to prevent woody plant encroachment or 
canopy closure (Sankaran et al. 2005). Tjelele et al. (2015) have experimentally demonstrated the 
positive effect of fire on seedling emergence and recruitment of two encroaching woody savanna 
species in South Africa (Acacia nilotica and Dichrostachys cinerea). Furthermore, using 
multifactorial experiments, Grellier et al. (2012) have shown that the removal of grass by grazing 
and/or fire had the most important beneficial effect on Acacia sieberiana tree seedling 
recruitment in savannas. Kraaij and Ward (2006) showed that frequent watering, nutrient control 
(i.e. no nitrogen fertilization) and grazing enhanced tree recruitment in semi-arid savanna with 
significant interactions between rain, nitrogen and grazing. They concluded that, in contrast to 
conventional wisdom that grazing alone causes encroachment, there are complex interactions 
between fire, nutrients, grazing and 'triggering' events such as unusually high precipitation. 
However, it is still unclear as to whether these factors play a role in regulating woody plant 
biomass in mesic-humid savannas receiving between 800-1500 mm MAP (Bond 2008).  
The aim of this study was to investigate the effects of fertilization, grazing and fire on the 
early stages of growth, survival and functional traits of an encroaching tree species, Acacia 
sieberiana that occurs in mesic-humid savannas (Coates-Palgrave 2002). In mesic-humid 
savannas we would not expect precipitation to be a limiting factor. Hence we expect to observe 
significant independent and interactive effects of fertilization, fire and grazing on tree sapling 
establishment and growth. We used a completely randomized experimental design in the 
greenhouse to mimic a typical savanna microhabitat, and applied treatments of fertilizer, fire and 
grass clipping to simulate grazing. We hypothesized that: 
1. N fertilizer would benefit grasses more than tree saplings (Kraaij and Ward 2006; 
Kambatuku et al. 2013) because these tree saplings are N2-fixing legumes which 
should not be limited by soil nitrogen (Kambatuku et al. 2013).  
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2. Simulated grazing should increase tree sapling growth and survival by removing the 
negative pressure of grass competition (Wiegand et al. 2006).  Grazing may have a 
similar effect to fire by creating gaps and making below- and  above-ground resources 
(i.e. water, nutrients, light) available for tree saplings to establish (Grellier et al. 2012; 
Tjelele et al. 2015).  
3. The beneficial effect of burning in reducing above-ground grass biomass means that 
fires may indirectly enhance woody recruitment (Grellier et al. 2012; Tjelele et al. 
2015). Because our study species, Acacia sieberiana, is known to resprout after fire 
(Hean and Ward 2012), and has a thick bark to protect itself against fires (Charles-
Dominique et al. 2017), we predict that fire would not decrease the survival of tree 
saplings.  
4. We were also interested in the interactions of these treatments, and the effects of grass 
biomass on overall performance of tree saplings. For example, we expect that grazing 
and fire would promote tree sapling growth by eliminating grass biomass and 
initiating resprouting (Vadigi and Ward 2012).  
5. Furthermore, we predict that treatments that favour grasses over tree saplings would 
have an effect on key functional traits such as specific leaf area (SLA) and thorn 
length, considering that plants may display shifts in functional response traits due to 
intense competition (Pillay and Ward 2014) . Higher SLA is indicative of greater 
photosynthetic ability, and greater thorn lengths offer higher levels of defense against 
herbivory (Cornelissen et al. 2003).  
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3.3 Materials and Methods 
 
Study species 
Acacia sieberiana DC. var. woodii (Burtt Davy) Keay & Brenan (recently renamed Vachellia 
sieberiana; commonly referred to as the paperbark thorn) is a medium-sized (7-15 m), 
deciduous, flat-topped tree, found in southern Africa, north to Ethiopia. This tree species is 
known to encroach mountainous grasslands and savannas, particularly in the mesic-humid areas 
of southern Africa (Grellier et al., 2013). The grass species selected for this study was Eragrostis 
curvula (Schrad.) Nees which is a widespread savanna grass species, common to KwaZulu-Natal 
province (South Africa) where the study was conducted.  
 
Experimental setup 
 
The experiment was carried out at the Botanical Gardens of the University of KwaZulu-Natal, 
Pietermaritzburg, South Africa. A tree-grass matrix was used to mimic a typical savanna 
microhabitat.  To replicate the grass component of the savanna, we sowed E. curvula, a 
widespread savanna grass species, into ninety-six 95 L capacity bins (approximately 50 grass 
seeds per bin) containing Umgeni grit, an alluvial soil with a particle diameter of approximately 
1.5 to 2 mm. At the beginning of the experiment, 200 seeds of A. sieberiana were chemically 
scarified for one hour by soaking in 1 M hydrochloric acid (HCl). Seeds were then rinsed 
repeatedly using distilled water, and soaked in boiling water overnight. Seeds were then treated 
with fungicide and germinated on agar plates. A single A. sieberiana sapling (height ± 10 cm) 
was placed at the centre of each of the 96 bins (Fig. 1).  
Three treatments of fertilizer, fire and simulated grazing in all combinations were applied 
in a completely randomized design during the 24-week course of the experiment. Fertilizer was 
applied twice, as a standard NPK (nitrogen-phosphorus-potassium) fertilizer, with an application 
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rate of nitrogen of 100kg.ha-1 , following the application rate of Cramer et al. (2010). Grasses 
were cut after 12 weeks to ground level using clippers, to simulate intense grazing. Fire 
treatments were applied once at 12 weeks, using a butane blowtorch. One week prior to burning, 
the grass in the bins was cut and weighed. Thereafter, a mean volume of dry grass (60 g dry 
weight) was placed in each bin to standardize the fuel load and fire intensity per bin. Soil-
temperature readings were measured after fire, using the Thermochron iButton® temperature 
logger, to ensure homogeneity of the fire treatment. Tree seedlings were scorched and sprouted 
from stems.   
Tree survival, tree height and stem diameter were recorded weekly, and subsequently 
used to calculate relative growth rate (RGR). Calculations for relative growth rate of tree sapling 
stem height (RGRheight) and relative growth rate of basal stem diameter (RGRdiameter) were based 
on the natural logarithm measured in mm.mm-1.week-1 (Kohi et al. 2009). After 24 weeks, tree 
specific leaf area and thorn length of three randomly selected leaves and thorns were recorded. 
Leave and thorn sampling was randomized by rotating the bins for collection, selecting leaves 
and thorns from three heights (high, medium and low). Thereafter, all trees and grasses were 
harvested. Tree roots were carefully washed free of sand to minimize loss of fine root material. 
Tree shoots and roots were oven dried at 70 °C for 24 hours. Root biomass is proportional to its 
carbohydrate content (Schutz et al. 2009) and can act as an indirect quantification of root 
reserves. Root and shoot dry biomasses were assessed to evaluate sapling resource allocation.  
 
Statistical analysis 
 
All statistical analyses were conducted in SPSS (version 18.0 for Windows). Differences in 
survival of tree saplings were assessed using pairwise 2 analysis of contingency tables. Effects 
of treatment variables (fertilizer, grazing and fire) on grass biomass, specific leaf area and thorn 
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length were analyzed using Multivariate Analysis of Variance (MANOVA), to control for Type I 
error caused by the analysis of multiple dependent variables.  
We tested for an ‘envelope’ effect using an upper boundary regression technique to 
determine if tree performance (as measured by percentage survival or specific leaf area) was 
constrained by the biomass of neighbouring grasses (Lessin et al. 2001). Grass biomass was 
clustered into 20 g-width classes. This was done to eliminate the variance encountered when 
correlating ecological data, so that competitive interactions are easily detectable (Goldberg 1991; 
Lessin et al. 2001). That is, there is a maximal (theoretical) relationship between a dependent 
variable such as percentage sapling survival and an independent variable such as grass biomass. 
However, a plethora of factors may skew this relationship upwards at low neighbour densities. 
No downward skew is likely to occur because there is a constraint placed by neighbouring grass 
biomass on percentage sapling survival below which additional survival cannot occur. Such a 
relationship violates the assumption of conventional least-squares regression that there is 
homogeneity of variance (by definition, an ‘envelope’ results in lower variance at higher values 
of the independent variable, Ward et al. 2000).  
 
3.4 Results 
 
Effects of fertilizer addition 
We found that fertilization had a significant effect on the biomass of grasses (Table 1); higher 
total grass biomass was found with fertilizer application (mean = 276g ± 63.64 SD) than those 
without fertilizer (mean = 122.4g ± 57.93 SD).  As predicted, we observed a significant decrease 
in the survival of trees with increasing grass biomass (r = -0.70, F1,6= 14.007, p < 0.05; Fig. 2). 
There was a significant difference in the mortality of tree saplings (range in χ21,12= 22.4-38.5, p < 
0.05) for all treatments, with a higher percentage of dead plants in treatments with fertilizer 
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application (mean tree sapling mortality = 43,6 % ± 1.25 SD) than without fertilizer treatment 
(mean tree sapling mortality = 16,3 % ± 1.12 SD; Fig. 3). 
 
Effects of fire and grazing 
 
The presence of fire had a significant effect on the ratio of relative growth rate in height to 
relative growth rate in trunk diameter (RGRheight:RGRdiameter), as well as the ratio of tree root: 
shoot biomass (Table 1). We found that the RGRheight:RGRdiameter of trees was significantly lower 
with fire treatment (mean = 0.301 ± 0.107 SD) than without fire (mean = 0.559 ± 0.108 SD), 
indicating that plants invest more in post-fire stem diameter growth. Similarly, the significant 
two-way interaction between grazing and fire on tree root: shoot biomass (Fig. 4) showed that 
there was a significant effect of fire on tree root: shoot biomass in the absence of grazing. The 
tree root: shoot biomass decreased significantly post-fire (without fire: mean = 1.776 ± 0.795 SD; 
with fire: mean = 0.594 ± 0.243 SD), indicating that trees invested more in shoot growth post-fire 
(Table 1). When grazing was present, the effect of fire was non-significant (p>0.05) for tree root: 
shoot biomass.  
 
Functional traits and grass competition  
 
We found a significant negative relationship between specific leaf area of tree saplings and grass 
biomass (r2= 0.68, F1,62 = 6.600, p = 0.01), with higher tree SLA in bins with lower total grass 
biomass (Fig.5). We found no significant effect of any of the treatments on average thorn length 
(Table 1). 
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3.5 Discussion 
 
Fertilizer application was beneficial for grasses only, resulting in increased grass biomass and 
higher tree sapling mortality. This indicates that at the recruitment stage of tree growth, 
supplementary nutrients will favour grass growth only, as was found by Kraaij and Ward (2006).  
Improved nutrient availability is more advantageous to grasses, assuming they are superior 
competitors for soil resources such as water and nutrients because of their fine-root morphology 
(Aerts et al. 1991; February et al. 2013; Wakeling et al. 2015). Rapid N absorption by C4 grasses 
(Busso et al. 2001) such as the Eragrostis curvula we used in this experiment could effectively 
pre-empt soil resources and allow grasses to dominate. Alternatively, dense grass roots may 
occupy a large proportion of the available rooting space, thereby limiting the establishment of 
woody sapling roots by spatial exclusion (McConnaughay and Bazzaz 1991). This form of ‘non-
resource competition’ could promote mortality of woody saplings.  
 Competition between plants results in trade-offs between growth, defence and 
reproduction (Suding et al. 2003). Increased grass biomass places competitive stress on 
neighboring tree saplings in savannas, adversely affecting their establishment and survival. 
Competitive interactions between tree saplings and grasses have been known to occur during the 
early stages of establishment, when rooting niche profiles are shared (Ward and Esler 2011; 
February et al. 2013), coupled with strong competition for light and nutrients (Vadigi and Ward 
2012; Barbosa et al. 2014). The strong competitive effect of grasses on trees is consistent with 
several studies (Goldberg and Fleetwood 1987; Violle and Jiang 2009; Pillay and Ward 2014), 
all measuring plant performance against some measure of neighbourhood effect (neighbour 
height, biomass or density). Cramer et al. (2010), as well as Kraaij and Ward (2006), found that 
in mesic Acacia savannas, in the absence of water limitation, competition for N is the main 
constraint imposed by grass on growth of Acacia seedlings. Reduced grass cover by grazing may 
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ultimately lead to reduced competition for trees, thereby allowing woody plants to proliferate 
(Aranda et al. 2015; Tjelele et al. 2015). Tedder et al. (2014) investigated the effects of above‐ 
and belowground competition between grasses and two Acacia species. They found that root 
competition appeared to be the major factor influencing sapling growth rates. This is consistent 
with our findings, showing that grass competition is the major limiting factor for tree sapling 
recruitment. Our study, however, revealed no direct independent (main) effects of grazing on tree 
sapling growth and survival. However, we suspect that the treatments of simulated grazing were 
not able to realistically replicate the direct and indirect effects of herbivores in natural conditions, 
such as the indirect effects of trampling (Tjelele et al. 2015).  
We found that tree saplings displayed a higher investment in post-fire shoot growth as 
opposed to root growth. This evidence further elucidates the resprouting ability of Acacia 
sieberiana (Hean and Ward 2012), and the inability of fire to constrain its establishment. In 
another Acacia species, Kgope et al. (2010) found that after simulated fire, A. karroo plants 
showed a greater increase in total stem length, total stem diameter and shoot dry weight, 
signaling the importance of resprouting following disturbances such as fire in savanna systems. 
Fire is a frequent disturbance in savannas, and is considered a fundamental factor that can either 
promote tree sapling establishment (Bond 2008), or reduce the survival of woody juveniles 
(Augustine and McNaughton 2004; Ward 2005; Higgins et al. 2007; Balfour and Midgley 2008; 
Bond 2008). While the increased frequency and intensity of fire may act to kill off woody plants 
(Wigley et al. 2009), fire may also promote tree sapling growth by removing grass biomass 
(Ward 2005) and may mobilize stored nonstructural carbohydrate root reserves (Vadigi and 
Ward 2012; Charles-Dominique et al. 2017). The outcome of a fire event is largely dependent on 
the fire strategy of the tree saplings. Trees may choose to invest heavily in post-fire stem growth 
(resulting in an increase in height) and subsequently protect the apical meristem from fires, 
thereby “escaping the fire trap” (Sabiiti and Wein 1987; Midgley and Bond 2001; Balfour and 
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Midgley 2006; Charles-Dominique et al. 2017). Alternatively, tree saplings may employ a 
diameter response whereby increased bark thickness serves as a buffer against scorching (Lawes 
et al. 2012; Charles‐Dominique et al. 2017).   
In this study we observed a typical post-fire response in stem diameter, whereby the ratio 
of relative growth rate in terms of height to diameter decreased (Fig. 3), indicating that these 
trees invest heavily in stem growth, increasing their root collar diameter as they resprout. This 
may be a strategy to develop resilience by increasing the thickness of the stem (Balfour & 
Midgley 2006), thereby increasing the bark area and thickness (Lawes et al. 2011).  Under these 
conditions, fire may be an ineffective tool in reducing woody plant encroachment, particularly 
where constant fire pressure promotes bark thickness to a point where fire is no longer 
detrimental to the tree (Lawes et al. 2011; Charles‐Dominique et al. 2017).  
Allocation of carbon stocks after fire is determined by the total non-structural 
carbohydrates available to the plant. Schutz et al. (2009) investigated the carbon allocation and 
biomass partitioning patterns that enable a commonly occuring savanna tree, Acacia karroo, to 
survive frequent and repeated topkill. They found that the concentration of starch in the roots of 
the burnt plants was half that of the unburnt plants (Schutz et al. 2009). The total available 
carbon available for resprouting in turn is governed by the energetic constraints of nutrient 
acquisition and competition for resources (Friend et al. 1994).  It is not surprising then that we 
only found differential investment between the above-ground and below-ground biomass after 
fire, when grasses were present (Fig. 3). Fire had no effect on the ratio of allocation to roots or 
shoots in the absence of grass competition (through elimination of grass by simulated grazing). 
This implies that grass competition places energetic constraints on surrounding trees, forcing 
differential allocation of carbon to roots or shoots after a disturbance such as fire. However, in 
the absence of grass competition, the trees we used in this experiment can invest similarly in root 
and shoot regeneration (Vilá 1997).  
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Violle and Jiang (2009) have shown that instantaneous measurements of certain plant 
traits can provide information on how plants perceive competitive environments. While there are 
many potential traits to consider (e.g. Cornelissen et al. 2003), specific leaf area (as an index of 
photosynthetic ability) and thorn length (as an index of defensive ability) (Plas et al. 2013) are 
the key traits we examined in this study. High SLA results in high mass-based photosynthetic 
rate (Cornelissen et al. 2003) but also low stress tolerance (Grime 1977; Reich et al. 2003). 
Consequently, species with high SLA are better able to withstand above-ground competition for 
light. However, when experiencing intense below-ground competition for soil resources, such 
plants may reduce their SLA as a tradeoff with below-ground competition.  In this study, we 
found no obvious effects of treatments on thorn length. However, we found higher tree SLA 
where surrounding grass biomass was lower (Fig. 4), which again highlights the detrimental 
effects of grass competition on the performance of savanna tree saplings.  
 
3.6 Conclusions 
 
We have shown that nitrogen addition reduces the establishment and growth of early-stage 
saplings. This reduction in growth is achieved indirectly by the promotion of grass biomass. 
Similarly, we found that fire promotes woody plant establishment, by reducing grass cover and 
hence the competitive pressure by grasses on trees. While fire also promoted shoot growth of the 
woody resprouter Acacia sieberiana (see also Grellier et al. 2012), this may not be true for 
woody plants that are incapable of resprouting (Bond and Midgley 2001; Clark et al. 2013). 
Additionally, more frequent and intense fire may reduce sapling survival through the depletion of 
below-ground carbon stocks. Overall, we advocate that when water availability is not a limiting 
factor, nutrient addition, fire and sufficient grass cover can be used to control woody plant 
encroachment.  
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Table 3.1 Univariate statistics based on the significant MANOVA results, showing the effects of 
fertilizer, grazing, burning and their interactions on growth parameters of the tree species Acacia 
sieberiana and the grass Eragrostis curvula.  
 
 
Ratio of relative growth rate height (RGRheight) to relative growth rate in stem basal diameter (RGRdiam) was 
measured in mm.mm-1.week-1. Tree root: shoot biomass and grass biomass measured in g, and final log10 
transformed thorn length measured in mm were used for the analysis. The error df, F-value and significance are 
indicated per factor and factor interactions. Significant values are indicated in bold. No values are indicated for 
Grazing under Grass biomass because we were testing the effect of grass biomass. 
 
 
 
 
 
 
 
 
 
 RGRh:RGRd Tree root: shoot 
biomass 
Thorn length Grass biomass 
 F p F p F p F p 
Fertilizer  1.21 0.275 0.04 0.82 1.54 0.222 14.59 0.001 
Grazing 1.26 0.268 0.57 0.45 1.33 0.255 - - 
Fire 28.76 <0.001 4.46 0.04 1.46 0.082 3.49 0.070 
Fertilizer * grazing 5.57 0. 241 0.93 0.33 0.17 0.678 3.77 0.061 
Fertilizer * Fire 1.74 0.196 0.07 0.78 2.35 0.135 0.52 0.473 
Grazing * Fire 3.55 0.068 5.097 0.03 5.09 0.031 2.74 0.107 
Error df 41  41  41  41  
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Fig. 3.1 Experimental set-up in the greenhouse, showing placement of bins.  
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Fig. 3.2 Tree sapling survival (%) plotted against mean grass dry biomass. Closed circles (●) 
represent the mean % tree sapling survival within the respective grass biomass cluster.  
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Fig. 3.3 Mean ± SD tree sapling mortality (%) in each treatment group after 24 weeks. NF = no 
fertilizer, F = fertilizer, NG = no grazing, G = grazing, NB = no fire, B = fire. 
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Fig. 3.4 Mean ± 95 % C.I tree root: shoot biomass with grazing and fire treatment. Open 
diamonds (◊) indicate the “fire” treatment, and the closed circles (●) indicate the “no fire” 
(control) treatment. 
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4.1 Abstract 
Complex interactions between woody plant encroachment and nutrient availability may vary 
along precipitation gradients. With further predicted increases in N deposition due to increasing 
industrial emissions and changes in land use, potential increases in N storage and cycling are 
expected. We conducted a field experiment that tested whether nitrogen (N) and phosphorus (P) 
had independent effects on woody plant encroachment along a precipitation gradient, or whether 
there was co-limitation (additive effect) of N + P. We added these nutrients to adjacent 
encroached and open grasslands (ranging from 300 – 1,500 mean annual precipitation). We 
compared differential responses to fertilizer addition and encroachment in terms of soil N stocks 
and P, litter % N and C:N ratio (index of decomposition), plant productivity and species richness. 
In addition, we determined whether there were trends in responses to increased nutrient 
availability and encroachment across a precipitation gradient. Soil N stocks were on average 15 
times higher in the higher precipitation sites regardless of nutrient addition or encroachment. 
Larger variation in soil P was noted at the high precipitation sites, with some evidence of P-
limitation in the encroached area with the highest precipitation. We found significant positive 
effects of encroachment on litter % N (quality), C:N ratios and forb cover across the precipitation 
gradient. Fertilization increased grass biomass and reduced species richness in the high-
precipitation sites only. The purportedly beneficial effects of encroachment on litter and plant 
species richness was more pronounced at the high-precipitation sites. Overall, increased nutrient 
availability was found to be of importance in high precipitation sites only, possibly due to water 
scarcity at the low-precipitation sites.  
Keywords:  
 
Nitrogen, Phosphorus, fertilization, encroachment, grassland, litter, species richness, Acacia, 
Vachellia. 
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4.2 Introduction 
 
Woody plant encroachment (also known as bush or shrub encroachment) refers to the increasing 
prevalence of woody vegetation, which suppresses the palatable grass layer (Bond and Midgley 
2012; Archer and others 2017). In southern Africa, tree and shrub densities have increased by 30-
50% since the late 1800s (Hoffman and Ashwell 2001; Bond 2008; Russell and Ward 2014; 
Ward and others 2014). Changes in plant species composition caused by woody plant 
encroachment have been shown to increase the storage, turnover, and availability of nitrogen (N) 
in many ecosystems (Liao and others 2006; Yusuf and others 2015). With further predicted 
increases in N deposition due to increasing industrial emissions and changes in land use 
(Miyazaki and others 2012), potential increases in N storage and cycling are expected (Reich and 
others 2006; Vourlitis and others 2007).  
Previous studies have described savannas as water- and N-limited (Scholes and Archer 
1997; Kraaij and Ward 2006; Throop and others 2012), but little attention has been focused on 
potential phosphorus (P) limitations in these ecosystems (Ries and Shugart 2008). Furthermore, 
because many woody encroaching species are N2-fixing legumes, they usually have a high P 
requirement (Vitousek and others 2002), thereby increasing the availability of soil N relative to P 
(Hibbard and others 2001; Cech and others 2008), which may lead to P-limiting conditions over 
time (Blaser and others 2014). Sankaran and others (2008) found soil P to be the most important 
soil parameter influencing woody cover after mean annual precipitation (MAP) and fire.  
However, Craine and others (2008) have indicated that there may be co-limitation of N and P in 
South African grasslands. Indeed, Harpole and others (2011) have found that co-limitation with 
N and P are common in the world’s grasslands.  
Environmental conditions, such as increased nutrient availability and increased woody 
plant density, affect litter quality and decomposer activity, and ultimately have the potential to 
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substantially alter litter decomposition (Zhu and others 2016). Efficient high N reabsorption 
before senescence or low N requirements are often reflected in low N concentrations and high 
C:N ratios in leaf litter, which results in low rates of decomposition and N mineralization (Satti 
and others 2003). Consequently, the C:N ratio in litter has been utilized as an indicator of N 
cycling, with lower C:N ratios indicative of higher rates of decomposition (Manzoni and others 
2010, Ward and others 2018).  
Differences in litter quality and plant productivity linked to woody plant encroachment 
(Vitousek and others 1997; Phoenix and others 2006) may be explained by MAP. Studies that 
have examined the effects of woody plant encroachment along a precipitation gradient have 
revealed a number of important relationships between precipitation and changes in litter quality 
and plant productivity. For example, Knapp and others (2008) found that there was a linear 
relationship between precipitation and annual net primary production (ANPP) for grassland sites, 
but a non-linear relationship for shrub-encroached sites, with an asymptote at about 600 mm 
MAP. Furthermore, several studies report a hump in the species richness–biomass relationship 
(Crawley and others 2005; Dingaan and others 2017; Ward and others 2017). Because N is 
usually limiting across grasslands, particularly in southern Africa, N fertilization is often 
associated with increased productivity (Gough and others 2000; Ward and others 2017).  
Therefore, one may expect reduced species richness with nitrogen fertilization (Ward and others 
2017).  
We designed a two-year field experiment to explore the effects of fertilizer addition and 
woody plant encroachment on soil (N stocks and P), litter (N and C:N ratio) and plant 
productivity and richness along a precipitation gradient (MAP from 300 to 1,500 mm per year). 
Comparisons were made between four pairs of adjacent grasslands, in which one of each pair 
was invaded by woody species <100 years ago. We hypothesized that fertilizer effects on soil, 
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litter and plant dynamics would be evident in the high precipitation sites, while the effects of 
encroachment on these variables would be more pronounced at the low precipitation sites.  
We predicted that: 
1. Fertilizer addition will increase soil available N through increased biomass production, and litter 
inputs into the soil (Knapp and others 2008), with higher litter quality and lower C:N ratios 
(Cleveland and Liptzin 2007) in the higher precipitation encroached sites, as compared to the 
lower precipitation sites. 
2. Soil P will be lower in the encroached plots at the higher precipitation sites, due to P limitation 
caused by N2-fixing legumes (Blaser 2014).  
3. Fertilizer addition will increase productivity and reduce plant species richness at higher 
precipitation sites, due to interspecfic competition (Ward and others 2017).  
4. Similarly we expect a decline in species richness with encroachment. Woody encroachment may 
also also increase ANPP (Knapp and others 2008), which is often correlated with a decline in 
plant species diversity (Clark and others 2007).  
4.3 Methods 
Study sites  
This study was conducted at four sites along a precipation gradient in South Africa (Table 1).  
The spatial variation in precipitation in southern Africa displays an increasing gradient of 
precipitation from west to east, coinciding with the precipitation gradient of our study sites 
(Figure 1). Each site contained two distinct vegetation types, i.e. adjacent grassland and 
shrub/woodland communities, where management practices (intense grazing or absence of fire) 
may have contributed to woody plant expansion into native grasslands in the last 100 years 
(Bond and Midgley 2000; Ward 2010; Ward and others 2014).  
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Experimental design and sampling 
At each of the four study sites, 12 open grassland plots and 12 adjacent encroached plots (10 m x 
10 m) were demarcated. Encroached plots were classified as having at least 40% woody cover 
rooted within the boundary of each plot (Wiegand and others 2006). We conducted a two-year-
long fertilization field trial, where N (urea at 100 kg N/ha), P (superphosphate at 10 kg P/ha) and 
N + P were added to encroached and open grasslands. Fertilizers were hand-broadcast at the start 
of the rainy season (2014 and 2015) to promote penetration into the ground, and to minimize 
volatilization. Soil surface horizons are the most likely to be altered due to shifts in soil nutrient 
status (Gill and Burke 1999). We collected soil samples at the surface (0-10 cm) from each 
treatment (n = 12) and control (no fertilization; n = 12) plot at the start of the experiment (2013) 
and after two years (2015) within the encroached and open grassland plots at each site.  
We measured soil % N (weight N per weight soil) and soil available P (mg kg-1). Soil N 
percentages were converted using soil bulk density, obtained by the core method (Blake and 
Hartage 1987) at each site, to organic N stocks (g m-2). For bulk-density calculations, five cores 
per plot were collected. Core samples were taken 1m from the four corners and the centre of each 
plot. It should be noted that soils at the four study sites were fine enough to allow for 
determination with cores, without the biases introduced by coarse fragments (Throop and others 
2012). Representative surface-litter samples were also collected from each plot (n = 24, and litter 
% N and % C was measured. Litter C:N ratios were used as an index of decomposition (Manzoni 
and others 2010). Soil and litter samples were oven dried at 70 °C for 24 hours and then passed 
through a 1-mm sieve. For analysis of nitrogen and carbon, the samples were combusted in a 
Flash EA 1112 series elemental analyser (Thermo Finnigan, Milan, Italy). The gases were passed 
to a Delta Plus XP IRMS (isotope ratio mass spectrometer - IRMS) (Thermo Electron, Bremen, 
Germany), via a Conflo III gas control unit (Thermo Finnigan, Bremen, Germany). Only the % C 
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and N values from the IRMS data were used for this study, and not the stable isotope data. For 
the analysis of phosphorus we used an Ambic 1 extraction process (Thompson, 1995), followed 
by a modification of the Murphy and Riley (1962) molybdenum blue procedure (Hunter and 
others 1974).   
Grass nutrient concentration, grass biomass, proportion of forbs and species richness 
 
Two diagonal transects were set up in each plot. Plant species presence (grass, forb or woody 
plant) and grass biomass was recorded at every 50 cm interval along the transect. All of the 
grasses at each site are C4 grasses. Grass biomass was measured non-destructively using a disc 
pasture meter (Bransby and Tainton 1977). The height above the ground at which the disc rests is 
proportional to grass biomass. We estimated biomass from disc height using equations derived 
from comparable grass swards in South Africa (Trollope and Potgieter 1986). We collected grass 
leaf samples from each treatment and control (no fertilization) plot at the start of the experiment 
and after two years, within the encroached and open grassland sites. Grass foliar N concentration 
was determined by the Dumas combustion method using the Elementar® Rapid N Cube analyser 
(Hanau, Germany). Plant species richness (sampled as the total number of species per plot) was 
recorded before the start of the experiment and after two years.  
Statistical analyses 
 
Species richness was surveyed as the total number of species in each plot. The response ratios 
(R) of species richness (Hedges and others 1999; Xu and others 2015) were calculated to 
quantify the impacts of fertilizer application and woody plant encroachment. This was done by: 
(a) comparing the species richness in the second year to that of the pre-fertilization species 
richness, and 
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(b) comparing the species richness in the encroached plots to that of the open grassland 
species richness. 
We employed the response ratio so that the relative effect of treatments on species richness can 
be compared across sites (see Jost 2006).The response ratio was calculated as:  
R = NA/NP      (1) 
where NA  is the species richness in each treatment plot (fertilizer addition or encroachment) and 
NP is the initial (year 0) species richness in the same plot (Jost 2006). To exclude the effects 
caused by other factors, such as inherent differences in soil type, we revised the response ratios 
by a correction factor (cf). The cf was calculated as: 
cf =     Mean NP / Mean NA    (2) 
where Mean NP is the mean year 0 species richness in the control plot and Mean NA is the mean 
species richness in the treatment plot (fertilizer addition or encroachment).  
To perform statistical analyses, we calculated the relative effects (E) by transforming the 
revised response ratios to the natural log, which was calculated as; 
E =  ln (R × cf )      (3) 
where R is the response ratio and cf is the correction factor (Xu and others 2015). 
We then calculated the relative effects of each treatment (fertilizer addition and encroachment) 
on species richness. The relative effects would be zero, positive or negative if no change, 
increased or decreased effects occurred with the fertilizer addition/ encroachment, respectively. 
The effects of treatment variables (site, fertilizer (Control, N addition, P addition and 
N+P addition) and land cover type (encroached and open grassland)) on soil, litter (including 
C:N ratio, an index of decomposition; Ward et al. 2018), and plant parameters were analyzed 
using Multivariate Analysis of Variance (MANOVA) to control for Type I error caused by the 
simultaneous analysis of multiple dependent variables. The effects of treatment variables 
(fertilizer and land-cover type) on forb proportion, grass biomass and plant species richness were 
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analyzed using Analysis of Variance (ANOVA). All comparisons within groups were done using 
the Bonferonni post hoc test with a Holm correction (Holm 1979). All statistical analyses were 
conducted in SPSS (Version 18.0 for Windows). 
4.4 Results 
Soil N and P 
We found significant overall effects of fertilizer (MANOVA: Wilk’s lambda = 0.812; p = 0.004) 
and encroachment (MANOVA: Wilk’s lambda = 0.119; p < 0.001). Soil N stocks differed 
significantly among the four sites (F = 740.7; p < 0.001; Figure 1), with higher N stocks in the 
two high-precipitation sites (KwaMbonambi and Bergville) than in the low-precipitation sites 
(Middelburg and Pniel).  
We found significant interaction effects of site and fertilizer addition on soil P (F = 2.75; 
p = 0.004; Figure 2). Soil P was significantly higher (p = 0.020) in the N + P plots (mean = 9.50 
mg kg-1 ± 0.42 SE) than in the control plots (mean = 8.83 mg kg-1 ± 0.49), in the high 
precipitation site, Bergville (Figure 2). Furthermore, we found significantly higher soil P in the 
encroached sites than the open grasslands in Bergville (F = 43.29; p < 0.001; Figure 3). 
Contrastingly, we found higher soil P in the open grasslands than in the encroached sites at the 
highest precipitation site, KwaMbonambi (Figure 3).  
Litter dynamics 
We found overall significant effects of site (MANOVA: Wilk’s lambda = 0.512, p < 0.001) and 
encroachment (MANOVA: Wilk’s lambda = 0.778, p = 0.023) and the interaction between site 
and encroachment (MANOVA: Wilk’s lambda = 0.426, p < 0.001). We found no overall 
significant effects of fertilizer (MANOVA: Wilk’s lambda = 0.986, p = 0.692).  
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We found significant differences in litter % N between the four sites (F = 2.83; p = 0.004; 
Figure 4). We found no significant effects of fertilizer (F = 1.070; p = 0.069) or encroachment (F 
= 0.702; p = 0.406). However, we did note significant interactions between site and land-cover 
type (encroached versus open grassland) (F = 21.24; p < 0.001), with increasing litter % N in the 
encroached sites across the gradient from low to high precipitation (Figure 4).  
Sites differed significantly in litter C:N ratio (F = 7.19; p < 0.001), with overall higher C: 
N ratios in the low precipitation sites than at the higher-precipitation sites (Figure 5). We found 
no significant effects of fertilizer on litter C:N ratio (F = 0.633; p = 0.597). We did however find 
significant interaction effects (F = 9.57; p < 0.001) between site and land-cover type (encroached 
versus open grasslands). At the lowest precipitation site, Middelburg, we found a significantly 
higher litter C:N ratio in the encroached plots than in the open grasslands. Conversely, at the 
highest precipitation site (KwaMbonambi) litter C:N ratios were significantly higher in the open 
grasslands than in the encroached plots (Figure 5).  
Grass foliar nitrogen and biomass 
We found significant differences in grass foliar N concentration between the four sites (ANOVA: 
F = 6.99; p < 0.001). We found no significant effects of fertilizer (ANOVA: F = 0.373; p = 
0.772) on grass foliar N concentration. Significant interactions between site and land-cover type 
(encroached versus open grassland) were however noted (ANOVA: F = 47.59; p < 0.001), with 
grasses in the encroached plots containing significantly higher foliar nitrogen (mean foliar N % = 
1.9 ± 0.08 SE) than grasses in the open grasslands (mean foliar N % = 1.0 ± 0.05; Figure 6).  
Grass biomass differed significantly among the four sites (ANOVA: F = 347.48; p < 
0.001), with higher biomass in the two high-precipitation sites (KwaMbonambi: 5118.3 kg h-1± 
181.04; Bergville: 4753.1 kg h-1 ± 134.50 SE) than in the low-precipitation sites (Middelburg: 
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555.5 kg h-1 ± 48.52; Pniel: 280.3 kg h-1± 4.25). Significant interaction effects of site and 
fertilizer treatment were only found in the high-precipitation sites (ANOVA: F = 4.64; p < 
0.012). We found significantly higher grass biomass with N+P and P for the two high-
precipitation sites (KwaMbonambi and Bergville; Figure 7). 
Forb proportion 
 
The percentage of forb cover per plot was not significantly different across sites (ANOVA: F = 
0.31; p = 0.254). Fertilization addition did not have a significant effect on forb cover (ANOVA: 
F = 0.21; p = 0.085). We did, however, find significantly higher forb percentage cover (ANOVA: 
F = 13, 75; p = 0.001) in the encroached plots (mean = 34.1 % ± 4.34) than in the open 
grasslands (mean = 19.7 % ± 2.79; Figure 8).  
Relative effects of fertilizer and encroachment on species richness 
 
We found significant relative effects of fertilizer addition on species richness among the four 
sites (ANOVA: F = 3.42; p = 0.04; Figure 9), with greater negative responses in the high-
precipitation sites than in the low-precipitation sites.  We also found significant negative relative 
effects of fertilization on species richness (ANOVA: F = 2.85; p = 0.049) due to N and N+P 
addition at the two high-precipitation sites (KwaMbonambi and Bergville; Figure 9). The relative 
effects of encroachment on plant species richness were not significant (ANOVA: F = 0.02; p = 
0.786).  
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4.5 Discussion 
 
Semi-arid savannas in southern Africa are known to be limited by water and less by nutrient 
availability. This was demonstrated by Kraaij and Ward (2006), who showed that tree 
recruitment was constrained by both precipitation amount and frequency. Our study found low 
soil N concentration in the low-precipitation grasslands despite the addition of nutrients. This 
result may be explained by water limitation at these sites. Low mean annual precipitation (MAP) 
has negative effects on vegetative growth of plants, C input to soils and the soil nutrient status 
(Colman and Schimel 2013; Cragger and others 2014). A meta-analysis of African savanna field 
sites showed a strong positive relationship between woody plant cover and MAP (Sankaran and 
others 2005).  Below 650 mm MAP, woody cover depends linearly on MAP (Meyer and others 
2007). Consequently, changes in precipitation due to climate change may be more influential 
than fertilizer addition in driving encroachment (Kraaij and Ward 2006; Sankaran and Anderson 
2009).  
The limited effect of fertilizer addition on soil dynamics in the lower precipitation sites 
may be due to insufficient precipitation and volatilization. We acknowledge that volatilization of 
the fertilizer, especially nitrogen, may have occurred. Vitousek (2004) has found that two years 
is sufficient to show significant effects on plant growth patterns. However, Liu and others (2012) 
have reported no effects of fertilization on soil parameters even after 30 months of nutrient 
addition at a rate of application similar to that of this study.  
Cech and others (2008) demonstrated that much greater amounts of N accumulate in the 
woodland than in the open grassland it replaces. This accumulation of available N may result in a 
negative feedback, with P-limitation under the canopies of encroaching trees (O’Halloran and 
others 2010), which are often capable of fixing N. We observed higher P in the open grassland 
plots than the encroached plots for the highest precipitation site, KwaMbonambi, suggesting that 
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a negative feedback results. At KwaMbonambi, the main encroaching species is Dichrostachys 
cinerea, a known N2-fixing legume.  Contrastingly, this study showed no evidence of P 
limitation as a result of encroachment at Bergville, despite the high densities of a known N2-
fixing woody plant, Acacia sieberiana (recently renamed Vachellia sieberiana). Although this 
study examined differences between open grasslands and encroached sites, P limitation may be 
better studied through the examination of woody gradients. For example, Blaser and others 
(2014) found that total P and extractable P pools increased along a shrub-cover gradient. 
Interestingly, in our study, the change in total soil P between encroached and open grasslands 
was minimal for low-precipitation sites, indicating that water availability may be the main driver 
of encroachment for these sites. However, the roles of grazing (Ward and Esler 2011), fire 
limitation (Throop and others 2017) and/or global climate change (especially increases in CO2 
concentrations) cannot be excluded (Ward and others 2014). 
Both litter % N (used as an index of quality) and C:N (used as an index of 
decomposition) were expected to increase with fertilizer addition and woody plant encroachment. 
Zhang and others (2008) found that total nutrient concentration and the C:N ratio of the litter 
were the two factors that had the greatest effect on litter mass loss across a wide range of plant 
species and tissues. Interestingly, we found only marginal effects of fertilization addition on litter 
quality. Here again, for low-precipitation sites, water availability may have limited nutrient 
uptake into plant tissue. Lü and others (2014) found that water addition rather than N addition 
benefitted plant species in a semi-arid grassland. We did note increasing litter % N quality in 
encroached sites with increasing MAP. This result implies that increased litter quality by 
encroaching woody plants is only beneficial to surrounding vegetation when precipitation is not 
limiting.  
 Lower C:N ratios in encroached areas have been reported by several studies, possibly due 
to the presence of N2-fixing legumes (Hudak and others 2003; Baer and others 2006; Zhu and 
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others 2016). For example, Sugihara and others (2014) found that forest species which were able 
to fix N effectively contributed to the low C:N ratio of the forest soil. Both the wetter sites 
studied here, KwaMbonambi and Bergville, are dominated by N2-fixing legumes. Litter C:N 
ratios were on average higher in the low-precipitation sites, indicating lower decomposition. 
Hudak and others (2003) found that severely encroached areas had lower C:N ratios throughout 
the soil profile than less encroached areas. The C:N ratio of litter decreased across the 
precipitation gradient for the encroached sites, highlighting the positive effect of encroachment 
on litter decomposition when water is not limiting.  
We found higher foliar N concentrations in grass leaves in the encroached plots, with 
only the lowest precipitation site, Middelburg, showing no positive effect of encroachment on 
grass foliar quality. While increases in soil N, and consequently foliar N, are sometimes observed 
beneath encroaching woody canopies even in the absence of N2-fixing species (Eldridge and 
others 2011), the woody plants in Middelburg are not N2-fixing (O'Connor and Roux 1995).  
Although the term woody plant encroachment has become synonomous with 
desertification and declines in species diversity, Grellier and others (2013) have found positive 
effects of woody encroachers on plant diversity. Eldridge and Soliveres (2015) have suggested  
optimising landscape management to maximise the services provided by shrub-encroached areas. 
The purportedly positive effect of woody plant encroachment was elucidated by our study 
finding that forb cover increased in encroached plots.  Barbosa da Silva and others (2016), also 
found that the encroachment of a woody invader was correlated to an increase in species richness 
and a decrease in important native forage grasses. Again, while not all woody encroachers are 
N2-fixing, plants growing at high densities create ‘islands of fertility’ (Hibbard and others 2001; 
Ravi and others 2010; Ward and others 2018), attributed to both abiotic and biotic processes such 
as local-scale variations in soil erosion and deposition, plant uptake of water and nutrients by 
lateral roots spreading into the surrounding soils, and activities of soil micro and macro-
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organisms (Ravi and others 2010). Increased presence of forbs may also contribute to increased 
diversity, contrary to the widespread notion that encroachment is directly linked to reductions in 
diversity and ecological function (Eldridge and others 2011).  
The effects of encroachment on net primary productivity are related to MAP, with 
reported decreases in ANPP in xeric sites, but dramatic increases at higher precipitation sites 
(Knapp and others 2008). Likewise, this study has shown that the lower precipitation sites 
exhibited minimal fluctuations in above-ground grass productivity, as compared to the high 
precipitation sites. 
Several studies of fertilizer addition effects in South African grasslands have found that 
the addition of both nitrogen and phosphorus led to a higher yield in grass biomass than 
fertilization with one of these nutrients only (Fynn and others 2005; Craine and others 2008; 
Tsvuura and Kirkman 2013). Patterns of species richness in this study show that nutrient 
additions (N and N+P) resulted in declines in species richness, but for higher precipitation sites 
only. Plant diversity is generally shown to be positively related to precipitation (Adler and 
Levine 2007). Several N-addition experiments have shown a decline in species richness (Clark 
and Tilman 2008; Ward and others 2017), and similar trends have been reported for 
atmospherically deposited N (Stevens and others 2004; Dingaan and others 2017). A recent study 
by Ward and others (2017) compared the results of a long-term (65 years) experiment in a South 
African grassland with the world's longest-running ecological experiment, the Park Grass study 
at Rothamsted, U.K. The results showed remarkable similarities to those of the Park Grass study, 
particularly the seemingly universal overall inverse relationship between species richness and 
ANPP, as well as the negative impact of nitrogen addition on species richness. Improved nutrient 
availability may be advantageous to grasses in terms of productivity, assuming that grasses are 
superior competitors for soil resources such as water and nutrients because of access to 
precipitation in the upper soil layers (Walter 1939; Knoop and Walker 1985; Ward and others 
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2013) and their fine-root morphology (Aerts and others 1991). However, rapid N absorption by 
C4 grasses could effectively allow a few resource-capturing grasses to dominate, thereby 
competitively excluding other species and decreasing overall species diversity (Busso 2014).  
4.6 Conclusions 
Total N stocks were higher in the high-precipitation sites regardless of increased nitrogen 
availability or encroachment, indicating N storage is water-limited in the low precipitation 
regions. Soil P indicated mixed trends across the precipitation gradient. Variation in soil P was 
greater in the high-precipitation sites, with the most humid site displaying P limitation in the 
encroached plots. Fertilizer addition improved grass productivity but reduced species richness, 
albeit for high-precipitation sites only. Low soil, litter and plant responses in semi-arid 
grasslands are possibly due to the strong effect of water limitation. However, the coefficient of 
variation in expected precipitation is high for semi-arid grasslands (Kraaij and Ward 2006). 
Hence, one may expect larger effects of nutrient addition and encroachment in high precipitation 
years. Overall, woody-plant encroachment had purportedly beneficial effects on litter quality, 
decomposition, grass foliar quality and forb cover in the high-precipitation sites. These positive 
effects must be taken into consideration, based on site specific precipitation, when implementing 
encroachment control. 
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Table 4.1 Description of the four study sites (Mucina and Rutherford, 2006). 
 
 
 
 
Site GPS coordinates 
Annual 
Precipitation 
(mm) 
Temperature (oC) 
Min             Max 
Biome 
Soil 
Characteristics 
Major Plant Species 
Bulk density (kg / m3) 
Encroached 
plots 
Grassland 
plots 
Middelburg 
31o 25ʹ 98.83ʺS 
24o 58ʹ 82.10ʺE 
300 -7.2 36.1 
Eastern 
Upper Karoo 
Sandy to loam soils 
of the Hutton soil 
form 
Aristida and Eragrostis 
(grasses); Searsia erosa, S. 
burchellii, Diospyros 
lycioides and Eriocephalus 
ericoides (shrubs) 
 
1002 1282.2 
Pniel 
28o 34ʹ 50.00ʺS 
24o 30ʹ 30.70ʺE 
350 -4.1 37.5 
Kimberley 
thornveld 
Sandy to loam soils 
of the Hutton soil 
form 
Eragrotis curvula, 
Schmidtia pappophoroides 
(grasses); Acacia erioloba, 
A tortilis, A. karroo, A. 
mellifera, Tarchonanthus 
camphoratus (trees) 
 
1296 1123 
Bergville 
28o 79ʹ 06.30ʺ S 
29o 38ʹ 98.40ʺE 
700 5.8 32.6 
KwaZulu-
Natal moist 
grasslands 
 
Ordovician Natal 
group sandstone 
Themeda triandra, 
Hyparrhenia hirta 
(grasses); Acacia karroo, 
A sieberiana (trees) 
 
1028 1191 
KwaMbomambi 
28o 49ʹ 60.61ʺS 
32o 16ʹ 96.92ʺE 
1500 3.5 35 
Maputaland 
wooded 
grasslands 
Quaternary 
redistributed sands 
supporting 
yellowish 
redistributed sands 
of the Berea 
formation 
Sporobolus fimbriatus, 
Digitaria natalensis 
(grasses); Diospyros 
lycioides (shrub); 
Terminalia sericea (tree) 
 
1031 1124.3 
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Figure 4.1 Mean ± 95 % C.I. soil N stocks (g m-2) for the four sites ranging from lowest 
precipitation (Middelburg, 300 mm MAP) to highest precipitation (KwaMbonambi, 1,500 
mm MAP). Different letters indicate significant differences among sites.  
Increasing mean annual rainfall 
a a 
b 
b 
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Figure 4.2 Mean ± 95 % C.I. soil P (mg kg-1) for the four sites ranging from lowest 
precipitation (Middelburg, 300 mm MAP) to highest precipitation (KwaMbonambi, 1,500 
mm MAP). C = control, N = Nitrogen only, NP = Nitrogen and phosphorus, P = Phosphorus 
only.  Asterisks (*) indicate significant differences between fertilization treatments.   
Increasing mean annual rainfall 
* 
* 
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Figure 4.3 Mean ± 95 % C.I. soil P (mg kg-1) for the four sites ranging from lowest 
precipitation (Middelburg, 300 mm MAP) to highest precipitation (KwaMbonambi,  
1,500 mm MAP). Asterisks (*) indicate significant differences between encroached and open 
grasslands. 
* 
* 
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Figure 4.4 Mean ± 95 % C.I. surface litter N (%) for the four sites ranging from lowest 
precipitation (Middelburg, 300 mm MAP) to highest precipitation (KwaMbonambi,  
1,500 mm MAP). Closed circles (●) represent encroached sites, open circles (○) represent 
open grasslands.  Asterisks (*) indicate significant differences between encroached and open 
grasslands. Different letters indicate significant differences among sites.  
Increasing mean annual rainfall 
* 
* 
b b b a 
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Figure 4.5 Mean ± 95 % C.I. litter C:N ratio for the four sites ranging from lowest 
precipitation (Middelburg, 300 mm MAP) to highest precipitation (KwaMbonambi,  
1,500 mm MAP). Closed circles (●) represent encroached sites, open circles (○) represent 
open grasslands. Asterisks (*) indicate significant differences between encroached and open 
grasslands.  Different letters indicate significant differences among sites.  
Increasing mean annual rainfall 
* * 
a b b a 
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Figure 4.6 Mean ± 95 % C.I. grass foliar N for the four sites, ranging from lowest 
precipitation (Middelburg, 300 mm MAP) to highest precipitation (KwaMbonambi,  
1,500 mm MAP).  Closed circles (●) represent encroached sites, open circles (○) represent 
open grasslands.  Asterisks (*) indicate significant differences between encroached and open 
grasslands.  Different letters indicate significant differences among sites.  
Increasing mean annual rainfall 
* * * 
a b b b 
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Figure 4.7 Mean ± 95 % C.I. grass biomass for the four sites, ranging from lowest 
precipitation (Middelburg, 300 mm MAP) to highest precipitation (KwaMbonambi,  
1,500 mm MAP).  C = control, N = Nitrogen only, NP = Nitrogen and phosphorus, P = 
Phosphorus only.  Asterisks (*) indicate significant differences among fertilization 
treatments.   
* 
* 
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Figure 4.8 Mean ± 95 % C.I. forb cover (%) for the low and high precipitation sites.  
Asterisks (*) indicate significant differences between encroached and open grasslands.   
* 
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Figure 4.9 Mean ± 95 % C.I. relative effects of fertilization on species richness for the four 
sites, ranging from lowest precipitation (Middelburg, 300 mm MAP) to highest precipitation 
(KwaMbonambi, 1,500 mm MAP). C = control, N = Nitrogen only, NP = Nitrogen and 
phosphorus, P = Phosphorus only.  Mean of zero indicates neutral effects of fertilizer addition 
on species richness; relative effects below zero indicate a negative effect of fertilizer addition 
on species richness; relative effects above zero indicate a positive effect of fertilizer addition 
on species richness. Asterisks (*) indicate significant differences among fertilization 
treatments.  
* 
* 
* * 
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5.1 Abstract  
 
Aims Biological nitrogen fixation (BNF) by woody legumes is likely to vary due to 
environmental factors such as nutrients, fire and grazing. BNF may also alter soil properties 
by increasing soil fertility, consequently affecting rates of soil respiration. Given the 
widespread increase in woody plant density (encroachment) in southern African savannas, we 
investigate the factors influencing BNF and soil respiration in a common encroaching woody 
legume, Acacia sieberiana.  
Methods We conducted a pot experiment using a matrix of grass and saplings of A. 
sieberiana. We then assessed the effects of fertilizer addition, simulated fire and grazing on 
the rate of nitrogen (N) fixation, soil respiration, and the number and weight of root nodules.  
Results We found a significant decrease in BNF with fertilizer addition, and increases in 
BNF after fire application. Soil respiration increased with fertilizer addition and decreased 
after fire application. Grazing had no independent effect on any of the response variables. 
However, decreased grass biomass resulted in increased BNF across all treatments. 
Furthermore, we found that larger woody saplings achieved a higher rate of BNF, with a 
positive correlation between the rate of BNF and both the number and weight of root nodules. 
There was a strong positive correlation between tree size and the number and weight of 
nodules. 
Conclusions BNF in A. sieberiana is facultative, with differing responses to varying 
environmental factors. Fertilizer addition suppresses BNF because the presence of readily 
available N negates the costs of fixation. A. sieberiana saplings compensated for N lost by 
fire application by increasing BNF. Soil respiration was found to increase with fertilizer 
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addition, possibly due to higher carbon (C) inputs into the soil. Conversely, fire reduced soil 
respiration by removing biomass, and thus reduced C input into the soil.  
Key words: Acacia, fertilizer, fire, grazing, nitrogen fixation, soil respiration  
Acronyms: Biological nitrogen fixation (BNF), nitrogen (N), carbon (C) 
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5.2 Introduction 
In savannas, the co-existence of woody vegetation and the herbaceous layer results in 
constant competition for limiting resources (Bond 2008; Cramer et al. 2010; Riginos 2009). 
While some degree of resource partitioning allows a balance between the two life forms, 
there has been a global increase in the prevalence of woody vegetation (termed woody plant 
encroachment, or bush/shrub encroachment). In southern African savannas, chronic cattle 
grazing, fire suppression and increased atmospheric carbon dioxide concentration are noted 
as important drivers of the large-scale shift toward woody plant dominance (Bond and Keeley 
2005; Bond and Midgley 2012; Ward et al. 2014). Woody encroachment is environmentally 
important because an increase in tree density will have a marked effect upon ecosystem 
processes such as carbon (C) sequestration, soil and plant nutrient dynamics, and soil 
respiration (Bond 2008). 
Tropical savanna ecosystems are considered ‘hot spots’ of biological nitrogen fixation 
(BNF), due to high densities of potentially fixing legumes (Vitousek et al. 2013). Species 
from the plant family Leguminosae are well known for forming a symbiotic relationship with 
nitrogen-fixing soil bacteria in the genera Azorhizobium, Bradyrhizobium and Rhizobium 
(Crews 1999). Through this association, the legume receives otherwise inaccessible 
biologically fixed nitrogen (N2) from the soil bacteria (Liu et al. 2010). In N-limited systems 
such as savannas, one would assume that the ability of leguminous trees to fix N2 would 
increase their competitive effect over the grass component (Cramer et al. 2007; Kambatuku et 
al. 2013). The encroachment of woody legumes may then be attributed to their ability to fix 
nitrogen, especially during the tree seedling stage, where grasses are usually superior 
competitors (Van Der Waal et al. 2009). Under low soil nitrogen conditions, the nitrogen-
fixing trees have a competitive advantage over other plants and, given enough precipitation, 
129 
 
may germinate en masse (Kraaij and Ward 2006). However, the tree-legume species in 
savanna systems do not always fix N2 (Aranibar et al. 2003; Schulze et al. 1991).  
Vitousek and Howarth (1991) showed that the persistence of legumes in a particular 
ecosystem is linked to (i) the energetic costs of N2 fixation, (ii) limitation of N2 fixation by 
other nutrients (e.g. P), and (iii) physical and ecological factors. While substantial research 
over the past decade has improved our knowledge of the wide array of species capable of 
nitrogen fixation, significantly less is known about the ecological factors involved in the 
regulation of BNF (see review byVitousek et al. 2013). Furthermore, evidence suggesting 
that most tropical legumes are facultative N fixers implies that only certain environmental 
factors promote BNF (Kambatuku et al. 2013; Menge et al. 2009; Vitousek et al. 2013). The 
availability of resources (nutrients) and disturbances (fire and large mammalian herbivory) 
have been identified as interactive mechanisms that regulate savanna structure (Sankaran et 
al. 2005; Scholes and Archer 1997). The independent and interactive effects of these 
mechanisms may influence the regulation of BNF, such that certain factors increase the rate 
of nitrogen fixed by plants.  
High soil-nutrient availability may reduce BNF due to the associated energetic costs 
of fixation: Vitousek and Field (1999) reported that nitrogen fixation has a high carbon (C) 
cost on nitrogen-fixers, such that when there are sufficient nitrogen levels in the soil, it is 
energetically advantageous to use the available soil nitrogen, rather than fixing nitrogen 
(Bohrer et al. 2003; Kambatuku et al. 2013). Furthermore, Cech et al. (2010) showed that a 
negative feedback through soil P depletion on N2-fixation in savannas does not prevent an 
open savanna from developing into dense woodland, because many woody legumes are able 
to exploit P from deeper soil layers. Assuming that southern African savannas do not become 
P limited with increased woody plant density (Blaser et al. 2014), one can expect that 
increased soil nitrogen alone will play a crucial role in the initiation of BNF.   
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Frequent fires effectively remove large quantities of N relative to P and other 
nutrients, which may explain the relatively high rates of BNF in savannas (Fynn et al. 2003). 
Although both grazing and frequent fires may remove N from the ecosystem (Aranibar et al. 
2003; Fynn et al. 2003), nitrogen lost through fire or grazing may be replenished by 
biological nitrogen fixation, particularly by leguminous trees, which are capable of 
resprouting after fire. In mesic and humid savannas where fire is a frequent occurrence, plant 
performance in terms of N2-fixation on burnt and unburnt soils has not been investigated 
(Holdo 2013). Similarly, changes in soils accompanying long-term heavy grazing may shift 
the balance in favour of nitrogen fixing plants which are better adapted than grasses to 
nutrient-poor soils and warmer, drier microenvironments (Archer et al. 2001). 
The high density of nitrogen-fixing legumes may alter soil properties by increasing 
soil fertility (Schleicher et al. 2011). Soil N status influences foliar plant N concentrations, 
which has a direct effect on plant growth, microbial activities, litter decomposition and root 
respiration. Thus, soil respiration is expected to change with changes in N (Zhang et al. 
2014). Soil respiration (soil CO2 emission) is the main pathway of carbon emission from soil 
to atmosphere in terrestrial ecosystems and an important source of atmospheric CO2 (Thomas 
2012).  Therefore, knowledge of soil respiration dynamics and its controlling factors in 
different terrestrial ecosystems is essential to find proper management strategies to decrease 
soil CO2 emissions. Tropical savannas contain a large proportion of the world's terrestrial C 
(Pacala et al. 2001; Resh, et al. 2002). Fires in tropical savannas are principal sources of CO2 
emission to the atmosphere (Bond and Keeley 2005). However, little is known about post-fire 
soil respiration in savanna systems (Raich and Potter 1995). Coupled with increased nitrogen 
deposition over southern Africa during the next few decades (Miyazaki et al. 2012), it is 
important to investigate the effect of varying savanna environmental pressures on soil 
respiration and the ability of woody legumes to biologically fix nitrogen. 
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Using a greenhouse study, we manipulated the presence of fertilizer, simulated fire 
and grazing, to examine their effects on the nodulation and N-fixation capabilities of the 
woody legume, Acacia sieberiana, as well as the associated effect on soil respiration. The 
following predictions were made: 
1. We predicted a decrease in nitrogen fixation with fertilizer addition. Due to the high carbon 
cost of fixation, increased N availability in the soil should negate any benefit of further BNF. 
We expect that fertilizer addition will increase respiration through increased microbial 
activity under high soil N (Zhang 2014). 
2. We predict nitrogen fixation to increase with fire, because of nutrient loss (particularly 
nitrogen) to the atmosphere by volatilization and via particulate matter formation during 
combustion and during subsequent wind-born transport (Holdo 2013). This depletion in 
available soil N can be compensated for by fixing nitrogen. Fire is predicted to decrease soil 
respiration by removing above-ground plant material and thereby reducing C inputs into the 
soil (Richards et al. 2012). 
3. Simulated grazing should reduce the competitive effects of grass on A. sieberiana saplings, 
thereby decreasing N-limitation and subsequently lowering the overall level of nitrogen 
fixation (Kambatuku et al. 2013). For plants growing in highly competitive environments, 
growth is limited initially through exploitative competition, where resources are depleted by 
neighbouring plants, and possibly secondarily by interference competition where 
neighbouring plants make resources inaccessible (Aarssen and Keogh 2002). Consequently, 
we predict that decreased below-ground grass biomass will result in reduced competitive 
pressure between tree saplings and grasses, and will thereby indirectly decrease BNF. We 
predict that grazing will act similarly to fire, by removing above-ground plant material (Bond 
and Keeley 2005). 
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4. We expect that larger saplings will fix more nitrogen. In their natural habitat, N2 fixation 
appears to be most important during early life stages of Acacias (Hansen and Pate 1987; 
Kambatuku et al. 2013) rather than in older populations.  
5. We also predict a positive relationship between the rate of nitrogen fixation and both the 
number and weight of symbiotic root nodules. To determine whether BNF is linked to the 
energetic cost of producing and maintaining nodules, we tested the relationship between the 
rate of nitrogen fixation and the weight and number of nodules. Here we expect that tree 
saplings with a greater number and weight of root nodules would have higher rates of BNF.  
5.3 Methods 
Experimental setup 
 
The experiment was carried out at the Botanical Gardens of the University of KwaZulu-
Natal, Pietermaritzburg, South Africa. A tree-grass matrix was used to mimic a typical 
savanna microhabitat.  To replicate the grass component of the savanna, we sowed Eragrostis 
curvula, (Schrad.) Nees, a widespread savanna grass species, into bins with a 90 L capacity 
(approximately 50 grass seeds per bin) containing Umgeni grit, an alluvial soil with a particle 
diameter of approximately 1.5 to 2mm.. Acacia sieberiana DC. var. woodii (Burtt Davy) 
Keay & Brenan (recently renamed Vachellia sieberiana; commonly referred to as the 
paperbark thorn), a tree known to encroach mountainous grasslands and savannas particularly 
in the mesic-humid areas of southern Africa (Grellier et al. 2013), was used to replicate the 
woody savanna component. At the beginning of the experiment, 200 seeds of A. sieberiana 
were chemically scarified for one hour by soaking in 1 M hydrochloric acid (HCl). Seeds 
were then rinsed repeatedly using distilled water, and soaked in boiling water overnight. 
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Seeds were then pre-treated with fungicide and germinated on agar plates. A single Acacia 
sieberiana sapling (height ± 10 cm) was placed at the centre of each bin.  
We used 96 bins in a completely randomized design. Three treatments, in all 
combinations, were applied during the 24-week course of the experiment. Fertilizer was 
applied twice, as a standard NPK with an application rate of nitrogen of 100 kg.ha-1. Grasses 
were cut after 12 weeks to ground level using clippers, to simulate intense grazing. Fire 
treatments were applied once at 12 weeks, using a butane blowtorch. The aim of the fire 
treatment was to remove grass cover and “topkill” the saplings, in order to observe the post-
fire response. One week prior to burning, the grass in the bins was cut and weighed. 
Thereafter, a mean volume of dry grass (60 g dry weight) was placed in each bin to 
standardize the fuel load and fire intensity (Hean and Ward 2012; Vadigi and Ward 2012). 
Soil temperature readings after fire were also taken, using the Thermochron iButton® 
temperature logger, to ensure homogeneity of the fire treatment. Tree seedlings were 
scorched and sprouted from stems.   
After 24 weeks, all tree saplings and grasses were harvested. Above- and below-
ground material for trees and grasses were weighed and dried separately at 45 °C. Tree root 
mass was used as a proxy for tree size. A. sieberiana root systems were carefully detached, 
and the total root mass, number and weight of all nodules were recorded (Fig. 5). We then 
conducted an Acetylene Reduction Assay (ARA) to quantify the rate of nitrogen fixation 
(David, et al. 1980). While there is controversy regarding the use of the ARA method, ARA 
is a sensitive, cost effective method for estimating the rate of nitrogen fixation in trees (Danso 
et al. 1992). Results of the assay were analysed using a gas chromatograph–mass 
spectrometer (GC-MS model GCMS-QP2010SE). The GC-MS analysis revealed the amount 
of ethylene produced from the reduction of acetylene by the enzyme nitrogenase, which 
represents the rate of nitrogen fixation in A. sieberiana.  
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We used the Solvita® gel system for measuring soil respiration (Haney et al. 2008). CO2 
respiration from soil has been used as an indicator of the relative fertility of various soils and 
is considered to be a reliable method of assessing soil microbial activity (Haney et al. 2008). 
Soil samples were oven dried at 70 °C for 24 hours. Weighed samples (40 g) of soil were 
moistened to 50% water-filled pore space in 236 ml jars, triggering a flush or “burst” of carbon 
dioxide. The magnitude of the “burst” is measured after 24 h with a digital colour reader in 
ppm CO2 (Haney et al. 2008).  
Statistical analysis 
All statistical analyses were conducted in SPSS (Version 18.0 for Windows). Effects of 
treatment variables (fire, fertilizer and grazing) on several tree-grass growth parameters and 
soil respiration were analyzed using Multivariate Analysis of Variance (MANOVA), to 
control for Type I error caused by the analysis of multiple dependent variables.  
 An upper-boundary regression technique was used to determine if tree performance 
(as measured by rate of nitrogen fixation) was constrained by the biomass of neighbouring 
grasses (Pillay and Ward 2014). This was done to eliminate the greater variance encountered 
on one size of the x-axis when correlating ecological data (i.e. due to heterogeneity of 
residuals), so that competitive interactions are easily detectable (Goldberg 1991; Lessin et al. 
2001). That is, there is a maximal (theoretical) relationship between a dependent variable 
such as percentage sapling survival and an independent variable such as grass biomass. 
However, a plethora of factors may skew this relationship upwards at low neighbour 
densities. No downward skew is likely to occur because there is a constraint placed by 
neighbouring grass biomass on percentage sapling survival below which additional survival 
cannot occur. Such a relationship violates the assumption of conventional least-squares 
regression that there is homogeneity of variance (by definition, an ‘envelope’ results in lower 
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variance at higher values of the independent variable, Ward et al. 2000).Grass biomass was 
clustered into 20 g width classes, and regressed against the maximum rate of nitrogen fixation 
per width class. 
5.4 Results 
Effects of fertilizer, fire and grazing on nitrogen fixation and soil respiration 
We found overall significant effects of fertilizer treatments (MANOVA: Wilk’s lambda = 
0.760, p = 0.032), fire (MANOVA: Wilk’s lambda = 0.789, p = 0.041) and the interaction 
between fertilizer and fire (MANOVA: Wilk’s lambda = 0.033, p < 0.001). Overall, grazing 
was found to be non-significant (MANOVA: Wilk’s lambda = 0.819, p = 0.109) 
We found that fertilizer had a significant effect on nitrogen fixation ( F1,47 = 9.826, p 
= 0.003; Table 1). With fertilizer application, nitrogen fixation was significantly lower (mean 
= 0.078 mol ethylene plant-1h-1 ± 0.006 SE), as compared to those saplings which did not 
receive fertilizer (mean = 0.111 mol ethylene plant-1h-1± 0.005 SE; Fig. 1). Fire also had a 
significant effect on nitrogen fixation (F1,47 = 4.308, p = 0.044; Table 1), with higher nitrogen 
fixation noted in tree saplings that were burnt (mean = 0.109 mol ethylene plant-1h-1 ± 0.005 
SE), compared to those that did not receive the fire treatment (mean =  
0.092 mol ethylene plant-1h-1 ± 0.007 SE; Fig 1).  
We noted significant effects of fertilizer and burning on soil respiration (Table 1), 
with higher soil respiration in fertilized bins (mean = 0.909 C – CO2 ppm / 1.64 mg CO2 m
-3 
day-1 ± 0.021), and higher soil respiration in bins where fire was not applied (mean = 0.925 C 
– CO2  ppm / 1.66 mg CO2 m
-3 day-1 ± 0.022). Grazing had no significant effect on any of the 
dependent variables.  
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Nitrogen fixation and grass competition 
The rate of nitrogen fixation decreased with an increase in overall grass root biomass (r2 = 
0.63, F1,7 = 7.024, p = 0.047; Fig. 2). When below-ground grass biomass was low (< 30 g dry 
weight), the range of BNF was between 0.12–4.5 mol ethylene plant-1h-1. However, when 
below-ground grass biomass exceeded ± 80 g, BNF was constrained to below 0.5 mol 
ethylene plant-1h-1.  
Nitrogen fixation and tree size 
We found a significant positive relationship between rate of nitrogen fixation and tree root 
biomass (r2 = 0.74, F= 4.302, p < 0.001), with higher rates of fixation in saplings with greater 
root biomass (Fig. 3). Furthermore, we observed that the rate of nitrogen fixation was 
significantly correlated with both the total weight of root nodules (Fig. 4) and the total 
number of root nodules (Fig. 5).  
5.5 Discussion 
 
Effects of fertilizer on biological nitrogen fixation and soil respiration 
We found that biological nitrogen fixation (BNF) in A. sieberiana is influenced by fertilizer 
addition. That is, when fertilizer was applied, BNF was reduced (see also Kambatuku et al. 
2013 for similar results in A. mellifera). Huss-Danell (1997) reported that nodule formation is 
reduced by high levels of nitrogen in the soil, thereby reducing BNF in legumes. High plant-
available N inhibited BNF by reducing nodular biomass (Hellsten and Huss-Danell, 2000) 
and also retarded the rate at which N2 was fixed (Svenning and MacDuff 1996). Even in 
agricultural pastures, increased nitrogen fertilization inhibited BNF; high-N livestock urine 
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resulted in a 50 % drop in BNF-derived N when added to plots of mixed ryegrass and white 
clover (Menneer et al. 2003). Some of the explanations for this include:  
1) A reduction in carbohydrates with an increase in nitrogen, such that no 
carbohydrates are excreted by the root hairs to attract nodule-forming bacteria (rhizobia), 
resulting in reduced nodulation and, hence, reduced BNF (Richardson et al. 1957). 
2) It is more costly (energy-wise) for the host tree to maintain the symbiotic 
relationship when there are sufficient nitrogen levels in the soil (Crews 1999; Kambatuku et 
al. 2013). The trend of reduced BNF reliance with N supplementation suggests the facultative 
nature of N2 fixation in A. sieberiana (see also Kambatuku et al. 2013).  
This study also highlighted the effects of fertilization on soil respiration. Soil 
respiration is the main pathway of carbon emission from soil to atmosphere in terrestrial 
ecosystems and an important source of atmospheric CO2 (Archer et al. 1995). Interactions 
between soil respiration and nitrogen will have great impacts on the carbon cycle and hence 
soil carbon emissions. Considering that increased global nitrogen deposition is coupled with 
efforts to control the encroachment of woody plants, attention must be paid to the indirect 
effects on soil respiration. Many studies on the effect of N additions on soil respiration have 
been conducted in forest ecosystems (Burton et al. 2012), but little information is available 
for grassland and savanna ecosystems (Zhang et al. 2014), particularly in southern Africa. 
Here we found that fertilization increased soil respiration. The stimulation of soil by N 
addition has been observed previously in grassland ecosystems (Xu and Wan 2008). Xu and 
Wan (2008) attributed this effect to N-induced increases in plant growth, ecosystem primary 
productivity, and amount of litter that together lead to increase in the supply of C substrates 
for root and soil microbial activities (Zhang et al. 2014).  
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Effects of fire on biological nitrogen fixation and soil respiration 
The application of fire resulted in an increase in BNF by A. sieberiana saplings. Fire is 
known to cause large amounts of soil nutrient loss (particularly N loss) to the atmosphere 
through the process of volatilization (Aranibar et al. 2003). Data from long-term fire 
experiments in grasslands and savannas indicate that frequent fires over long periods lead to a 
reduction in total soil N pools (Coetsee et al. 2010). However, some studies found that 
nitrogen losses caused by fire could not be compensated for by nitrogen fixation (Coetsee et 
al. 2009). In this study, we found significant increases in BNF by A. sieberiana saplings 
under the fire treatment, suggesting a compensatory effect. López-Hernández et al. (2006) 
measured substantial rates of BNF in a Venezuelan savanna, especially in burned areas; in 
their study they found that most N fixation was carried out by microbial crusts and microbes 
associated with the roots of C4 grasses.  
We also found that soil respiration decreased with fire. In tropical savannas, it has 
been suggested that fire behaves as a “global herbivore”, removing above-ground C from 
other consumption pathways, such as the soil respiration pathway (Bond and Keeley 2005; 
Richards et al. 2012). Richards et al. (2012) observed a significant negative effect of fire on 
soil respiration, with 3-fold higher rates on unburnt plots, compared to burnt plots. In unburnt 
plots, all C in organic matter is returned to the atmosphere via decomposition pathways. 
However, in burnt plots, fire removes organic C in grassy fuels and leaf litter before it has a 
chance to enter decomposition pathways, reducing below-ground inputs (Bond and Keeley 
2005; Richards, et al. 2012).  
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Effects of grazing on nitrogen fixation and soil respiration 
We found no direct effect of grazing on BNF or soil respiration. While the treatment of 
simulated grazing (by removal of grass biomass) reduced competition for resources by woody 
saplings, other ecological processes could not easily be mimicked. These include nutrient 
redistribution and positive feedbacks of nitrogen through dung and urine deposition (Tjelele 
et al. 2015). Future efforts to ascertain the effects of grazing on BNF and soil respiration 
should be conducted in field experiments, using herbivores.  
Nitrogen fixation and grass competition 
The simulated grazing treatment removed grass biomass, which in turn relieved competitive 
pressure on the surrounding woody saplings. Grazing reduces the competitive ability of 
grasses on tree seedlings, by removing available grass biomass (Riginos 2009; Ward and 
Esler 2011). With grazing, grasses experience a reduction in water and nutrient uptake, which 
leads to an increase in available resources for the woody vegetation (Skarpe 1991). 
Therefore, more resources are obtained by the trees, and as a consequence, this leads to the 
recruitment and encroachment of woody plants in savannas (Van Langevelde et al. 2003). It 
is expected that if competition from grasses is reduced, the rate of BNF would also decrease 
(Cramer et al. 2007; Kambatuku et al. 2013). We have shown here that increasing grass 
biomass limited the rate of BNF in A. sieberiana saplings. Our results are contrary to the 
findings of Kambatuku et al. (2013), who showed that BNF increased in the presence of grass 
competition for A. mellifera saplings. Cech et al. (2010) demonstrated that a dominant C4 
grass could outcompete an herbaceous legume for otherwise-available P (and N) in a tall-
grass Tanzanian savanna ecosystem, thereby suppressing legume growth and N fixation. The 
energetic costs incurred by N2 fixers, combined with the need to outcompete local non-fixing 
species, imply considerable selective pressure on individual fixation strategies (Cech et al. 
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2010). We postulate that the presence of intense interspecific competition from grasses forces 
A. sieberiana saplings to function as non-fixers as the cost of maintaining nodules and fixing 
nitrogen becomes limiting. This is related to the high carbon cost of BNF. For example, 
building nodules requires carbon for structure as well as the metabolic cost of fixing N. 
Furthermore, facultative N fixers may be paying a higher structural cost per unit of N fixed 
than obligate N fixers that keep their nodules for long periods (Menge et al. 2009). It appears 
that a superior strategy would be to fix N when N is in short supply, and to function as a non-
fixer when N is abundant or (especially for an understory plant) when N fixation is too costly 
(Menge et al. 2009).  
Nitrogen fixation and tree size 
Lastly, we found that larger roots, which were on larger saplings of A. sieberiana, were 
capable of higher rates of BNF, across all treatments. This finding indicates that older stands 
of encroaching A. sieberiana may have greater effects on local soil properties, such as total 
available N. Azad et al. (2013) and Azad and Sumon (2016) found that nodule formation 
increase over time at the early stages of development in the agroforestry species, Albizia 
saman, Leucaena leucocephala and Acacia auriculiformis.  We also found that both the 
number and weight of root nodules were significantly positively correlated with the rate of 
BNF. Because the creation/destruction of nodules or the activation/deactivation of symbionts 
carries a high carbon cost (Menge et al. 2009), we postulate that higher rates of BNF imply 
an energetic expense, which is further evidence that BNF in A. sieberiana is facultative. Our 
results are on the lower spectrum for Acacia rates of fixation, as ascertained using the ARA 
method. For example, Woldemeskel & Sinclair (1998) found high relatively high specific 
acetylene reduction rate of 57.7 µmol g-1 h-1. However, this could be attributed to plant size 
(i.e. pot experiments versus established plants in the field). 
141 
 
5.6 Conclusions  
Land-management practices such as fertilizer addition and burning, as well as the 
encroachment of A. sieberiana into savanna ecosystems may affect soil processes such as 
BNF and soil respiration. BNF is inhibited when soil N is high, and also when competing 
grass biomass is so considerable that the energetic cost of fixation cannot be met. Higher 
nitrogen in the soil increases respiration, while burning reduces respiration. Larger trees are 
able to fix more nitrogen due to the increased abundance of root nodules. Overall, BNF in A. 
sieberiana appears to be facultative, and strongly influenced by environmental drivers.  
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Table 5.1 Univariate statistics based on the significant MANOVA results, showing the effects of fertilizer, grazing, burning on soil respiration, 
number and weight of root nodules, as well as the rate of biological nitrogen fixation (mol ethylene plant-1h-1) of the tree species Acacia 
sieberiana. Bold text indicates significant F ratios and probabilities. Interaction effects were omitted because they were not significant for any of 
the dependent variables 
 
Treatments  df Number of nodules Nodule mass (g) Nitrogen fixation   
(mol ethylene plant-1h-1) 
Soil respiration ( C – CO2  ppm ) 
  F p F p F p F p 
Fertilizer  1 0.564 0.457 0.174 0.697 9.826 0.003 6.276 0.003 
Grazing 1 1.26 0.268 0.984 0.45 1.33 0.255 1.33 0.255 
Burning 1 0.0001 0.972 0.187 0.668 4.308 0.044 12.302 0.001 
Error df  47  47  47  79  
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Fig. 5.1 Significantly lower rate of nitrogen fixation (mol ethylene plant-1h-1) ± SE with the 
addition of fertilizer, and higher rates of nitrogen fixation (mol ethylene plant-1h-1) ± SE with 
the application of fire. 
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Fig. 5.2 The rate of nitrogen fixed (mol ethylene plant-1h-1) by A. sieberiana trees declined 
with increasing grass root biomass. Open circles (○) indicate the regression of rate of nitrogen 
fixation against unclustered grass biomass. Closed diamonds (♦) indicate the regression using 
the maximum rate of nitrogen fixation against grass biomass clustered into width classes of  
20 g. 
r2 = 0.49 
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Fig. 5.3 Rate of nitrogen fixation in A. sieberiana (mol ethylene plant-1h-1) increased relative 
to tree root biomass. The rate of nitrogen fixation increased with an overall increase in tree 
root biomass. 
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Fig. 5.4 There was a significant positive relationship between the rate of nitrogen fixation 
(mol ethylene plant-1h-1) and (a) the mass of root nodules, (b) the total number of root 
nodules.  
r2 = 0.45 r2 = 0.49 
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Fig. 5.5 Root nodules produced by A. sieberiana woody saplings, attached to the root (left), 
and removed for weighing and counting (right). 
Scale  
1 cm 
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CHAPTER 6: Conclusions and Recommendations 
for Future Research 
 
6.1 Introduction 
 
Woody plant encroachment (often known as bush or shrub encroachment) has become an 
increasingly destructive force over the last fifty years, and is still a poorly understood 
phenomenon, lacking clear explanations and predictive tools (Ward 2005). Grassland and 
savanna regions worldwide are experiencing transformations due to agricultural 
intensification, over-grazing and changes in fire regimes (Bustamante et al. 2012). The 
potential short-term benefits of maximizing livestock units has resulted in severe over-grazing 
(Archer et al. 2017), reducing competition from grasses and allowing trees to proliferate. In 
addition, the removal of fire from historically fire-controlled landscapes has resulted in an 
increase in woody plant density (Archibald et al. 2012).  
Further perturbations exist due to the effects of climate change, altered precipitation 
patterns and temperature ranges, as well as increased nitrogen deposition (Hibbard et al. 2001; 
Schlesinger 1999). The Intergovernmental Panel on Climate Change (IPCC) has predicted a 
reduction in precipitation over the south-western parts of South Africa by the end of the 21st 
century (IPCC 2014). Decadal analyses of temperatures also point strongly to an increased 
warming trend across the African continent over the last 50 to 100 years, with the mean 
annual temperature rise over Africa likely to exceed 2°C in by the end of this century (IPCC 
2014). In addition, anthropogenic activities such as industrial air pollution, has led to a 
substantial increase in atmospheric nitrogen composition (Wenig 2003). Altered precipitation, 
climate warming, increased nitrogen deposition and changes in land use all contribute the 
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uncertainties of vegetation dynamics in ecosystems where woody plant encroachment has 
occurred, and also where it may potentially occur. This thesis aimed to disentangle the effects 
of varying climate and land-use on woody plant encroachment. 
6.2 Summary and future directions 
 
The first chapter of this thesis examined the factors that limit woody plant establishment, 
under current and predicted climate-change scenarios. This study investigated the effects of 
temperature warming and altered precipitation on the germination and subsequent 
establishment of the common woody encroacher, Acacia sieberiana (Chapter 2). Climate 
models predict that precipitation regimes are likely to become more variable in the near 
future, including more extreme and prolonged droughts across seasons (IPCC 2014).  
Engelbrecht & Engelbrecht (2015) have also indicated possible intrusion of trees into the 
grasslands of southern Africa. We found that water availability was the main limiting factor 
for grass productivity while warming had no significant effect on grasses; the strong positive 
effect of water availability on grass biomass has also been demonstrated in Chapter 3 and 4. 
Volder et al. (2013) have shown that climate warming and drought alter tree establishment in 
savannas through differential responses of tree seedlings and grass to intermittent 
precipitation events (see also Wiegand et al. 2006). The positive effects of high precipitation 
on annual net primary productivity (ANPP) is well documented in the literature (O’Connor et 
al. 2001; Sankaran et al. 2005; Knapp et al. 2008; February et al. 2013; Bond et al. 2017), 
and need not be further explored. It is, however, crucial to understand the effects of timing 
and frequency of precipitation, which may result in en masse germination of woody plants 
following prolonged drought (February et al. 2013), especially in the semi-arid areas of 
southern Africa. 
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We established that warming had a large positive effect on tree growth and 
performance (measured as specific leaf area) when coupled with excess or normal water 
treatments (Chapter 2), elucidating the positive effect of increased temperature for A. 
sieberiana growth. The positive effects of warming on tree growth rates and functional traits, 
such as higher specific leaf area, may be attributed to increased metabolic rates under warmed 
conditions (Saxe et al. 2001; Way & Oren 2010; Pérez-Harguindeguy et al. 2013). This result 
highlights the likelihood of greater encroachment of woody plants in high-precipitation 
grasslands and savannas with future predicted climate warming. Violle & Jiang (2009) have 
shown that instantaneous measurements of plant traits can provide information on how plants 
perceive competitive environments. As environmental problems such as global climate and 
land use changes increase (IPCC 2014), the need for general predictive models in ecology 
becomes more crucial (Funk et al. 2017; Williams et al. 2008). The main challenge for future 
studies will be to identify which traits are likely to be most useful in predicting community 
and ecosystem dynamics. Funk et al. (2017) resolve that response and effect traits must be 
identified. Response traits, such as relative growth rate shown to be more prevalent in 
productive high-nutrient communities (Pillay & Ward 2014), suggesting that it provides some 
fitness advantage when resources are not limiting. 
Intraspecific trait variability in natural populations may impact competitive 
interactions, ultimately shaping community composition and key ecosystem functions (Albert 
et al. (2010). For example, Madritch & Lindroth (2015) showed using carefully controlled 
conditions that condensed tannin concentrations varied among aspen genotypes and decreased 
with increasing nutrient availability. Shifts in community composition may also be favoured 
by switches in key plant functional traits, such as specific leaf area (Brantley & Young 2007; 
Pérez-Harguindeguy et al. 2013).  A functional trait-based framework of assessing biotic 
interactions should therefore be the main focus of future studies (Cornelissen et al. 2003). For 
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example, Brantley & Young (2007) found that leaf area is an important structural variable in 
plant communities, and can be used as an indicator for a variety of ecosystem processes such 
as photosynthesis, transpiration, and nutrient cycling. Furthermore, leaf and photosynthetic 
traits are responsive to CO2 and, therefore, may be key plant traits likely to result in increased 
fitness in the elevated CO2 environments predicted for the future (Leakey & Lau 2012; Manea 
& Leishman 2014). It would, therefore, be interesting to determine which traits are favoured 
through predicted future climate change, in an attempt to predict possible encroaching 
species. For example, with the future drought scenarios predicted over much of sub-Saharan 
Africa, drought-resistant woody plants may be favoured. Drought resistance can be quantified 
using plant physiological indices such as leaf photosynthetic performance, leaf water loss, 
rehydration rate and leaf water use efficiency (Liu & Guan 2012; Ansley et al. 2014).  
 
Effects of land use changes - Fertilizer, fire and grazing 
 
We conducted a greenhouse experiment to investigate the effects of varying land-use 
practices (fertilization, grazing and fire) on the early stages of growth, survival and functional 
traits of an encroaching tree species, A. sieberiana (Chapter 3). We found that fertilization 
(increased nutrient availability) had a negative effect on tree seedling growth and survival, 
due to strong interspecific competition with grasses. This indicates that at the recruitment 
stages of tree growth, supplementary nutrients (either through use of fertilizers or increased 
nitrogen deposition; Stevens et al. 2017) will favour grass growth only (see also Kraaij & 
Ward, 2006), and possibly promote tree seedling mortality, as was shown in this study 
(Chapter 2, 3 and 4). 
Strong positive effects of fertilization on grass productivity were found in both 
Chapters 3 and 4. However, this study did not find a hump-shaped relationship between 
    158 
ANPP and species richness. This is likely due to the relatively short duration of the 
fertilization trial. Some studies have revealed significant effects of nutrient addition in a 
single year (Vourlitis et al. 2007). Other long-term studies such as the Park Grass experiment 
in England (Crawley et al. 2005), the global Nutrient Network experiments (Adler et al. 
2011) and the Ukulinga experiments in South Africa (Ward et al. 2017) demonstrate that 
multiple factors, such as pH as well as the type and amount of fertilizer, affect the relationship 
between ANPP and species richness.  It will thus be useful to determine the average time for 
fertilization to have significant effects on woody encroachers. However, the overall insight of 
a large majority of studies, including this thesis (Chapter 4), is that nutrient addition reduces 
species richness. Grassland biodiversity is therefore likely to decline in light of global 
eutrophication by N and P pollution, often associated with increased acidity from atmospheric 
inputs.  
Fire was found to be ineffective at reducing tree seedling performance (Chapter 3). 
Rather, we found that the resprouting capability of the common invader A. sieberiana was 
sufficient to prevent seedling mortality. Many savanna trees are classified as resprouters, 
based on their post-fire responses (Higgins et al. 2000; Clarke et al. 2013; Smit et al. 2016). 
Carbohydrate reserves are essential for resprouting following a fire, and largely determine the 
capacity to survive fire, as well as maintain regrowth rate (Hoffmann et al. 2009). Kgope et 
al. (2010) found that after simulated fire, A. karroo plants showed a greater response in total 
stem length, total stem diameter and shoot dry weight, signalling the importance of 
resprouting following disturbances such as fire in savanna systems (see also Wakeling et al. 
2007). Tree traits, such as the rate of bark production (increment·yr−1) are also critical for 
determining how quickly a developing sapling would be protected or bark could regenerate 
between two fires (Charles-Dominique et al. 2017). We postulate that prescribed burning 
intensity and frequency is crucial for the control of woody encroachers, especially those that 
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have resprouting responses (Twidwell et al. 2016), as found in Chapter 3.  Fire intensity 
determines tree dynamics in savannas (Hoffmann et al. 2009; Bond & Midgley 2012). 
However, the frequency of fire at a particular intensity will help determine the time taken to 
exhaust the non-structural carbon reserves for a given species (Clarke & Knox 2009; Accatino 
et al. 2016).  The timing of fire is also of importance, and may have positive and negative 
effects (i.e. depending on whether the fire occurs before or after rains). For example, Kraaij & 
Ward (2006) found that post-fire tree germination was extremely low, probably due to below-
average precipitation. Hence, future research should aim to quantify the fire intensity, 
frequency and timing that will induce mortality in encroaching seedlings (Smit et al. 2016). 
This will enable us to categorize species according to their resilience to fires and better predict 
landscape-level changes in species structure and composition. 
Another interesting future direction is the use of pyric herbivory (also known as patch-
burn grazing). This strategy has been adopted in North America as a form of mitigation 
against woody-plant encroachment, and incorporates the processes of fire and grazing to 
create structural heterogeneity and increase biodiversity (Fuhlendorf et al. 2009; Twidwell et 
al. 2013). The premise of this technique is the temporal interaction of fire and grazing, where 
positive and negative feedbacks promote a shifting pattern of disturbance across the 
landscape. Future studies in South Africa should focus on optimal patch burning and grazing 
regimes to limit woody plant encroachment, and to increase the palatable grass layer. This is 
particularly important for semi-arid rangelands in southern Africa, where pastoral production 
systems are of high economic value, relative to other forms of agriculture. For example, in 
semi-arid areas where pastoral production is crucial and ecosystem benefits of encroachment 
are relatively low, the efficacy of woody plant control must be thoroughly investigated 
(Archer 2010; Eldridge & Soliveres 2014). Conversely, in the mesic and humid areas of South 
Africa where eco-tourism and game ranching are viable, the exploitation of ecosystem 
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services offered by woody plants, such as increased carbon sequestration, improved soil 
fertility and hydraulic lift, must be further investigated.  
We found significant positive effects of encroachment on litter quality, C:N ratios 
(indicator of decomposition) and forb cover (Chapter 4). The overall purportedly beneficial 
effects of encroachment on litter and plant species richness was more pronounced at the high-
precipitation sites. Woody encroachment is generally associated with desertification and 
reductions in species diversity (Ratajczak et al. 2012). However, Eldridge & Soliveres (2015) 
have conducted a review of existing studies on the effects of encroachment. They noted 
several ecosystem services (biodiversity, soil C, hydrology, nutrient provision, grass growth 
and soil fertility) provided by woody encroachers. This study reinforces the positive effects of 
encroachment in high-precipitation areas. We propose future studies adopt a similar view to 
that of Eldridge & Soliveres (2015), whereby the costs of encroachment mitigation are 
weighed against the ecosystem benefits of encroachment, on a site-by-site basis. 
The two-year fertilization experiment investigated the effects of woody plant 
encroachment and increased nutrient availability on soil, litter and plant parameters in the 
field (Chapter 4). We were particularly interested in the trends across a precipitation gradient 
(ranging from 300 – 1,500 mm mean annual precipitation). We found that soil nitrogen stocks 
were significantly lower in the semi-arid sites than in the high precipitation sites, regardless of 
nutrient addition. This result was possibly due to water scarcity. Semi-arid savannas in 
southern Africa are known to be limited by water and less by nutrient availability (Bond 
2008). This has also been demonstrated by Kraaij & Ward (2006), who showed that tree 
recruitment was constrained by both precipitation amount and frequency. Our study found 
that nutrient addition increased grass biomass and reduced species richness in the high-
precipitation sites only. Increases in nitrogen deposition due to rising industrial emissions are 
predicted across South Africa (Wenig et al. 2003; Phoenix et al. 2006). This may lead to 
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reduced species diversity in high-precipitation areas, due to the negative relationship between 
ANNP and plant species richness (Crawley et al. 2005; Ward et al. 2017). This is a 
particularly important finding as the IPCC (2014) have predicted increased precipitation for 
the eastern parts of southern Africa, which is the geographic location of the high precipitation 
sites used for this study. 
We found considerable variation in soil P at the high-precipitation sites, with some 
evidence of P-limitation in the encroached site with highest precipitation (KwaMbonambi) 
(Chapter 4). This result is in agreement with Blaser et al. (2014), who also found that total P 
and extractable P pools increased along a shrub-cover gradient, due to a negative feedback 
from N-fixing woody shrubs. However, this trend was not consistent across the gradient, 
indicating site-specificity in soil P. Indeed, at the high-precipitation Bergville site, Grellier et 
al. (2014) have found variations in soil clay content linked to the spatial distribution of woody 
plants. Higher soil-clay content is linked to a higher diffusion coefficient of soil P (Olsen & 
Watanabe 1963), which may explain the unusually high soil P in the Bergville grassland sites. 
Importantly, not all woody encroachers are capable of N-fixation (e.g. Larrea tridentata in the 
U.S. southwestern deserts), and more importantly, N-fixation may not be obligate under 
certain environmental pressures, which prompts the need for further investigation into the 
factors which may promote N-fixation in encroaching species. 
This led us to the final study, which examined the effects of fertilizer, simulated fire 
and grazing on the nodulation and N-fixation capabilities of the woody legume, A. sieberiana, 
as well as the associated effects on soil respiration (Chapter 5). We found that the ability of 
woody encroachers to fix nitrogen was constrained by nutrient addition. These effects were 
largely due to the positive effect of fertilizer on grass production, thereby increasing the 
competitive effect of grasses on neighbouring tree seedlings. This implies that grasses are 
superior competitors for soil resources (Knoop & Walker 1985), possibly due to their fine-
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root morphology (Aerts et al. 1991; Wakeling et al. 2015). Several other studies have also 
shown that nitrogen has a strong positive effect on the competitive role played by grasses 
(Kraaij & Ward 2006; Cramer et al. 2010; Kambatuku et al. 2011). This result supports the 
findings of Chapters 2 and 3, which also showed that increased nutrient availability benefits 
grasses, which in turn suppresses tree growth. Therefore, we postulate that increased nitrogen 
deposition may limit woody plant encroachment, due to strong interspecific competition from 
grasses (Pillay & Ward 2014). 
Furthermore, we found increased rates of biological nitrogen fixation in tree saplings 
exposed to fire (compared to no-fire controls), possibly as a compensatory response to post-
fire soil nitrogen loss (Chapter 5). Coupled with the strong resprouting capability 
demonstrated in Chapter 2, low intensity or infrequent fires may actually promote woody 
plant encroachment by enhancing N-fixation. Hence, we again highlight the importance of 
prescribed burning intensity and frequency to control woody encroachers. 
According to Leakey et al. (2012), most of the current research is based on temperate 
systems, with limited or no information available on the understanding of plant responses to 
elevated CO2 concentrations, particularly in sub-Saharan Africa. Elevated CO2 is argued to be 
a major potential cause of increased woody plant dominance in open savannas (Bond & 
Midgley 2012), owing to the greater resultant increases in the net photosynthetic rate of C3 
plants (which are usually trees) than C4 plants. A possible area for future research is to 
examine the interactive effects of increased nutrient availability, precipitation and rising CO2 
concentrations on N-fixation. Gray et al. (2013) have found increased facultative N-fixation 
in response to higher CO2 concentration, but interestingly only under drought conditions. 
Manea & Leishman (2014) found that woody plant seedling growth was reduced at elevated 
CO2 levels compared to that at the ambient CO2 level across all competition treatments. A 
reduction in precipitation coupled with increased CO2 concentrations is likely over the south-
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western parts of South Africa by the end of the 21st century (IPCC 2014). Therefore, 
nodulating encroachers occurring in the semi-arid regions of southern Africa, may have a 
distinct competitive advantage over other species.   
6.3 Conclusions 
This thesis shows that changing climate and land-use will have a marked effect on woody 
plant encroachment, influencing plant germination, survival and performance. A large body of 
work points to key mechanisms that will be affected (Archer et al. 2017; Bond et al. 2017) 
however there is a long road ahead to understand the effects of changing climate and land use 
on woody plant encroachment with detail and certainty, in part because of the multi-factorial 
nature of these interactions. Furthermore, the effects of woody plant encroachment on 
grasslands and savannas are not uniform, with differences across the southern African 
precipitation gradient. These differences must be incorporated into mitigation measures for 
effective control of woody encroachment, considering that woody plant encroachment is the 
single most important factor hampering sustainable livestock production, particularly in the 
semi-arid regions of South Africa (Ward et al. 2014). Indeed, the gap in this research is the 
interactive effects of climate and land-use changes with rising CO2 concentrations (Leakey et 
al. 2012) which must be addressed using multi-disciplinary field and experiments. However, 
the overall findings of our research indicate that, due to the strong influences of water 
availability, a site-specific method of assessment must be employed to determine the effects 
of woody plant encroachment, and furthermore the appropriate control measures.  
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